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INTRODUCTION

Our overall objective of understanding the structure and function of acetylcholinesterase (AChE)
as the target of organophosphate poisoning remains the same. This approach has several positive
outcomes. First, AChE can be modified in its structure such that when the mutant enzyme is
combined with oximes in vitro, it becomes a catalytic scavenger of organophosphates. Second,
acrylodan or other fluorophore modification of AChE yields a fluorescent conjugate that can be
used as a remote sensor for organophosphate exposure. Third, AChE conjugates can be detected
directly by MALDI mass spectrometry, enabling us to characterize organophosphate exposure
directly through detection of the conjugate, rather than indirectly through reduction of catalytic '
activity. Fourth, transgenic animal strains have been developed that should enable us to examine
further the central or peripheral loci of organophosphate toxicity and understand the mechanism
of action of oxime antidotes. Fifth, in new experiments we are employing a novel chemistry to
synthesize oximes that cross the blood-brain barrier and have greater selectivity as antidotes.
Sixth, the combination of these new approaches to the AChE oxime field has spawned new
approaches for therapy for the organophosphates more refractory to antidotal therapy.

As an overarching theme, we have modified the very target of organophosphate toxicity so that
the target becomes beneficial in scavenging (oxime-assisted catalytic turnover of
organophosphates), the target can be used for organophosphate detection (fluorescently
conjugated AChE and mass spectrometric characterization of the organophosphate conjugates),
and the target in the animal through homologous recombination (AChE knock-out mice)
becomes a means for ascertaining the tissue origins of toxicity.

BODY

The individual areas in which progress has been made are enumerated below.

1. Development of an Oxime-Mutant Acetylcholinesterase System for Catalytic
Scavenging of Organophosphates. In the last project period, we presented detailed
kinetics on the rates of inactivation by cycloheptyl, isopropyl and 3,3-dimethylbutyl
methylphosphonyl thioesters and the reactivation of the conjugates by two oximes, 2-
PAM and HI-6. Reactivation studies showed the following:

a. Efficient reactivation requires a phosphonate orientation where the phosphonyl
(phosphoryl) oxygen is in the oxyanion hole. Hence, those S, enantiomers that
are the most reactive and toxic are also the ones most susceptible to reactivation
(D).

b. The narrow confines of the gorge ensure that the conjugated organophosphate is
sterically impacted at its base where the active center serine and conjugated
organophosphate reside. Hence, the efficiency of the reactivation reaction is
limited by the angle of access of the oxime to the phosphonyl phosphorus (1,2).

¢. Opening the gorge dimensions within prescribed limits enhances the rate of
reactivation by the oxime. Each oxime has slightly different attack directions,
hence the mutations that enlarge gorge dimensions have a differential effect on
reactivation. Thus, reactivation efficiency depends on: the organophosphate
structure, the structure of the attacking oxime, and the enzyme template (2,3).
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Optimization of the reaction, to date, has yielded a 120-fold increase in

reactivation rate for the more bulky cycloheptyl methylphosphono-AChE

conjugate. Enhancement rates are not as large for the isopropyl- and the
3,3dimethylbutyl methyl phosphonate conjugates (1-3).
In several cases, we have been able to deconstruct the overall catalytic rate, 4;,
into an apparent dissociation constant, K., a maximal rate for reactivation, k2.
Structural determinants and gorge dimensions influencing reactivation of various
organophosphate conjugates by 2-Pam and HI-6 have been analyzed.

Data described in items a through e are found in Tables 1 through 6.

| TablelReactlvatlon of Recomblnant DNA-DerlvedMouse Chohnesterases Phosbhoﬁylated
with Sp-Cycloheptyl Methylphosphonyl Thiocholine”

%reactivator enzvme ess (min’™) 1Kox k(min' % time
M) - 20 lmd M) lreactna
H1-6 (02-20) |ACKE wi_ 0602004 (54208112519 90 Smin
jﬁgns'f 0.02- " ly337a 2000+ 90 (80 1 min
B el .
on [F295L/v337A llaia [0 min
HI-6 (0.01-5) |F2971/Y337A 6005  6+04 0% 1100 |1min
HI-6 (0.2-10) |Y337A/F338A 0.051+0.003 |>°%%  ho2x26 |80 30
— po P i O‘ 12 . PR =i mln
HI-6(10)  [F295L/F2971/Y337A 24 80 -
[0.0040 = 0.66 + |
2-PAM (1-20) |ACHE wt oot 61430 0%% [0 ish
2 PAM (0.1- | 00025+  0.62+
10, Y337A 00001 2 ix10 8o 5h
By L4 Tp20sLrv33a 0.016+0.003 |10£3 [L7£05 [70 3h
[-PAM(230) [F2970v337A  [0.018+0002/27£12(69%33 [0 [2h
0.00035+ 075+ [0.47+
PRAMO0) P7ARIISA — Jooooss  Joas  Jooo [ PR
2-PAM (40) |[F295L/F2971/Y337A" | | Po12  J1o0o  5h
[2-PAM (5, 40) [BChE wt | | | s 48h

% Constants (standard errors) are calculated from kg, constants (8-16 values) obtained in two to seven experiments. The
maximal percent of reactivation (% react,,,) measured within the specified time of the experiment is also given.® Only one kg,
was determined (0.24 + 0.04 min™ with HI-6 and 0.0048 % 0.0011 min™ with 2-PAM).
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 Table 3: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated
with Sp-Isopropyl Methylphosphonyl Thiocholine”

: ; A (m1n o [time
reactivator (mMDjfenayme oz (min’) ) K?i S U i T
i 1330+
HI-6 (0.05-1)  |AChE wt 1020003 10,15+ 0,09 g0 190 110
|HI-6 (0.2-20)  |Y337A 1.13+£0.08 47+£0.8 24047 100 v
[HI-6 (0.5-30)  |[F295L/Y337A 10 27+0.01 [0.37+0.09 [730+180 |80 |10
HI-6 (0.05-1)  [F297U/Y337A  [0.95+0.13 |0.41 +0.14 éiio * 100 5
-6 (1-20)  [Y337A/F338A (026002 [15+06 (178574 90 [15
0014+ [0.064+
HI,'6 (0'05{),..,, . ?ChE M o001 jo.024 2,15 =70 ) 80 D
| 0.095+  0.088+  [1080 +
PPAMOLIO) JACREWE  ooi3  Joors  Joso 190 PO
[2PAM(02-40) [y337A 021001 2603 [s2+11 80 o
[2PAM (1-40) _[F295L/Y337A | I _PBs=04 o 1o
2PAM (0.1-40) [F297/Y337A  [2.9+02 [5.5+13 (534133 90 |1
2-PAM (1-40) §Y337A/F338A ?3 8(7)421 £ 15+05 4614 |90 130
fOI;AM ©0s- |BChE wt 2.98+0.01 2394002 [1250+9 (90 I

@ Constants (+standard errors) are calculated from ks constants (6-19 valﬁes) obtained in two to five experiments. The maximal
percent of reactivation (% react,,,,) measured within the specified time of the experiment is also given.

These studies continue, and we have examined whether aging affects the reactivation rates for
these methylphosphonates. We find that it does not, and we have also found that spontaneous
hydrolysis of the phosphonate conjugated enzyme is slow relative to oxime induced reactivation
(1-3). Some of the R, compounds are extremely resistant to reactivation, (cf: Tables 4-6) and
we have begun to examine structure-activity relationships for achieving more rapid reactivation.
Similar considerations apply to tabun and related phosphoramidates, as well as the non-volatile
VX compounds. Currently, we are studying reactivation of a tabun modified enzyme, but have
yet to develop a complete structure-activity profile.
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| Table 4 React1vat1on of Recombmant DNA Denved Mouse Chohnesterases Phosphonylated
with Rp-Cycloheptyl Methylphosphonyl Thlochohne

reactivator
{(mM)

enzyme

ks (min™)

1Kox (mM) i

ke (min' M
)

Itime

®

% reactiax

IHL-6 (1,40)

" |AChE wt

»

ks

'HI-6 (0.3-20)

Y337A

0.00042 +
0.00002

11.0+£0.2

0.41 + 0.06f

50 85

HI-6 (1-30)

[F295L/v3374

A
»o
W
B
[}

[HI-6 (10-40)

[F2971/Y337A

A
DN
;lJ]
T i
N

HI-6 (0.2-2)

|Y337A/F338A

|BChE wt

AN
f—
(W
W
=]

{2 PAM (1, 40)

{AchE e

- L i Mﬁw w..w S

(9,
[l

W
(]

iz PAM (0.3-5) |

Y337A

0.00047 +
0.00004

036j:

5
VY

P PAM (20- 40) \F295L/Y337A»

o

<o

[2-PAM (5-40) |F2971/Y337A

I

|

3

|
)|
]
|
|
1.
L.

|

|

S i

2-PAM (0.3-5)

Y337A/F338A

0.00040 ~
0.00010

099+
10.87

0.40+0.37

[2-PAM (20-40)

BChE wt

10.027 +
0.001

70

25

¢ Constants (+standard errors) are calculated from k,, constants (4-8 values) obtained in one to three experiments. The maximal
percent of reactivation (% reacty,,,) measured within the specified time of the experiment is also given.

with Rp-3,3-Dimethylbutyl Methylphosphonyl Thiocholine®

Table 5: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated

reactivator
(mM)

enzyme

k+2 (min™)

Kox (mM)

I (min'l

MY

% reactmyay

time

(b

HI-6 (0.2-2)

!AChE wt

<15

HI-6 (0.2-40)

Y337A

0.00040 +
0.00002

0.54 +
0.14

0.74 £
0.19

170

135

[HI-6 (1,10)

[F295L/Y337A

153

[FI-6 (10-40)

[F2971/Y337A

B

<25

60

HI-6 (0.2-2)

[Y337A/F338A

10.00014 +

10.00001

1.8+1.2

50

140

HI-6 (1-10)

BChE wt

<25

150
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[PAM (035) [aChEwt [ ] [ ks o
| 0.0007 £ 038+ |

praMoss) §Y337A ______ 50 0000 10 08 ._____,18*04 160 235;,,,
2-PAM (5,30) [F29SL/Y337A | | <25 160
prameos) [F2omvszza | T as o
P-PAM(03-5) |Y337A/F338A | I N <1560

j 0.0079 + .62+ ’

pravoan pomw BORE faes 080 ko o

@ Constants (+standard errors) are calculated from ks constants (4-8 values) obtained in one or two experiments. The maximal
percent of reactivation (% react,,) measured within the specified time of the experiment is also given.

‘Table 6 Reactwatlon of Recomblnant DNA Derlved Mouse Cholmesterases Phosphonylated

with Rp—Isopropyl Methylphosphonyl Thiocholine”

ireactivator

oy eeme patmin') Ko@) G rncto (€

| 10.0075 +

HI6 02-40) |ACHE wt 00003 43207 1703 |70 10
0.0071 097+

HH6(0230) I3TA  ooooa oz [PAES B0
0.0013 + 0.95 +

HL6 (130 F295LY337A g oo b [13+08 [0 16
0.0021 + 0.13+

-6 G40 [FPTUYIITA 6,003 028 o7 PO O
0.00035 + 023+

HH6030)  BCREWE — ogopos M09 fops 40

2-PAM (0.3- 10.0029 =

0 - |ACRE wt loooos 1911 [L5=09 70 20

2 PAM (03- | [0.0026 0.60 =

0 Y3374 10.0c01 099% 315 ko 8
10.0096 + 0.95 &

2PAM(5-30) [F29SLIY33TA (i0ic o BOF ko 10

2-PAM (5-60) |F2971/Y337A 8'83; * oo s
e | 0.88 +

2-PAM (5-30) |BChE wt l0.024 0006 27513 0% 100 4

@ Constants (+standard errors) are calculated from kg, constants (6-10 values) obtained in two to four experiments. The maximal

percent of reactivation (% react,,,,) measured within the specified time of the experiment is also given.
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We have also noted that excessive enlargement of the active center gorge, such as is seen for
butyrylcholinesterase, actually reduces oxime efficiency for reactivation. A more vacuous gorge
may yield a condition where the conjugated phosphate may be buried in a crevice within the
gorge and hence not accessible to the attacking oxime. Accordingly, precise predictions on how
to enhance further reactivation rates may be problematic. Accordingly, we have taken our best
double mutant, Y295L-Y337A, and developed a continuous colorimetric assay for oxime
turnover using the substituted alkyl methylphosphonothiocholines as reacting ligands. Turnover
yields the corresponding thiocholine that can be reacted with dithiodinitrobenzoate to form a
yellow color. In figure 1, we examine the hydrolytic rate of one of the mutant enzymes. This
assay has enabled us to measure the pH dependence and the catalytic parameters of oxime-
assisted organophosphate hydrolysis. The kinetics reveal that the reaction is rate limited by
oxime mediated dephosphorylation of the serine rather than the phosphorylation step. Thus, a
suitable continuous assay applicable to multiwell, high throughput endeavors is now available
for selecting mutants with enhanced organophosphate hydrolysis capacity. A mutant selection
strategy has been devised, but the study has yet to be undertaken. The starting point is the
corresponding mutations in human AChE.

Future studies with human AChE conjugates carry the advantage that immunologic cross
reactivity would be minimized. Thus, we have prepared F295L, F2971, Y337A as single mutants
with the human enzyme and F2951./Y337A and F2971/Y337A as double mutants. These would
be starting points in a mutation selection scheme for enhancing oxime assisted catalysis.

10
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Table 2: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated

with Sp-3,3-Dimethylbutyl Methylphosphonyl Thiocholine”

? reactivator
(mM)

lenzyme

ks (min™)

e (min™
MY

1%
jreaCtmex | -

‘time

AChE wt

0.39+0.09 3.

102 +£53

180

10

‘imin

1Y337A

32+£0.5

1490

1200 + 1100

12 min

[F295L/Y337A

|

I

| [B00=60[100

2 min.

EI}_II-6 (0.01-10)

[F2omY337a

T14x01

1.9+ 0.5 720 + 180 100

|5 min.

|HT-6 (1-40)

Y337A/F338A

0.10 £ 0.01

21+1.2 47+28

80

20

min

HI-6 (10)

[F295L/F2971/Y337A°

=31

80

10

min

HI-6 (0.5-20)

BChE wt

0.73+0.14

103 £ 51

71+32

100

10

min

2-PAM (1-40)

AChE wt

90

8h

oot ¢ 0

2-PAM (5-40)

Y337A

0.041 %
0.003

80

33h

2-PAM (0.5-
40)

F295L/Y337A

0.0018 +

0.0002

066+

90

25h

2-PAM (10-
60)

F2971/Y337A

0.0025 +
0.0002

027
9.0+ 3'6,,, 011

80

15h

2-PAM (5-60)

Y337A/F338A

0.00023 +
0.00001

110.85

0.54 +

_10.65

1042 £

60

70 h

2-PAM (40)  [F295L/F2971/Y337A°

|

| Ro2

190

l6h

12-PAM (3-30)

[BChE wt

[0.028+0.003 32+ 1.7 |87 4.6 |100

B

@ Constants (+standard errors) are calculated from ks constants (5-15 values) obtained in two to four experiments. The maximal
percent of reactivation (% react,,) measured within the specified time of the experiment is also given.” Only one kq,, was
determined (0.31 % 0.06 min™ with HI-6 and 0.0088 % 0.0021 min™ with 2-PAM).




Rate Constant (k) of Sp-Cycloheptyl Methylphdsphonyl Thiocholine
Hvdrolvsis bv mAChE Mutant F295L/Y337Alaylor, Palmer
Kox

K, B y
E+P ——» EP + OX——= EP*OX—— E + POX

F205L/Y337A

fHI-81 / mM k* | min!
0.1 0.65
0.5 2.1
1 3.3
2 3.9
5 : 4.5

*0.5 uM Enzyme
20 puM S-CHMPTCh
100 mM Phosphate Buffer pH 7.4

1 mM HI-6 F205L/Y337A Y337A
k*/ min™ 3.3

F2971/Y337A AChE w.t.
0.69 0.34 0.15

Fig. 1: pH Dependence and Oxime Concentration Dependence for Cycloheptyll
. Methylphosphonylthiocholine Hydrolysis in the Presence of HI-6.
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2. Studies with a Fluorescently Modified Acetylcholinesterase to Examine Conformation and
Molecular Fluctuations in Enzyme Structure. In the last project period, we showed that cysteine
substitution mutagenesis at residues 81 and 84 followed by acrylodan labeling at these positions
resulted in a fluorescent enzyme where excitation at 380nm yielded an emission peak residing
between 470 and 525nm. The emission spectrum of acrylodan is very sensitive to its immediate
dielectric constant. Thus, the immediate microenvironment around this introduced side chain
can be ascertained. Several positions at the rim and just within the active center gorge and
around the outside of the molecule were labeled (4, 5). Residues within the gorge and near its
rim where ligands bind show a decrease in dielectric constant as would be expected from the
ligand excluding the H,O molecules upon binding. What was more surprising are the residues
on the outer edge of the omega loop, residue 84, at some distance from the binding site showed a
red shift to longer wavelength with the binding of ligands. This change in fluorescence results
form the acrylodan side chain becoming exposed to solvent upon ligand binding. We interpret
this to result from the omega loop closing down on the bound ligand, increasing the curvature on
the outer portion of the loop and causing the side chain to move into the solvent. Some plasticity
of the omega loop must exist and is reflected in the emission changes seen at residue 81 where
the S;-organophosphates and the reversibly bound ligand show the typical red shift to longer
wavelength, whereas the R, compounds, when conjugated, cause a blue shift. The differences
between enantiomers depend on whether the organophosphate can fit into the oxyanion hole; the
bulky R, compounds do not allow such a fit. If this fit does not occur, then the acyl pocket and

base gorge structure are perturbed resulting in a distinctive positioning of the acrylodan at
residue 81. (Figs. 2 and 3).

- 35 . o 38

§~ A 477 nm = B 477 nm

< 304 o 304 r

= = T,

= = AN

B 2.5 e 2.5 / S

= Z / N

g 20 § 20 ; \

E = 7 \
- . '] Y

@ 1.54 ¥ 7 N\

5 = \

8 8

2 10 2

@ 2

2 o5 . B

£ oo’ R o
00) 0.0 e e
420 440 460 480 30D 520 34D 560 580 600 420 440 460 480 S00 520 540 S60 580 600

Wavelength (nm) Wavelength (nm)

Fig. 2. Fluorescence emission spectra of acrylodan-labeled Y124C (4) and E84C (B) AChE free in solution (dashed line)
and complexed with fasciculin (solid line). A, for acrylodan-labeled Y124C, fasciculin produces a hypsochromic shift and
enhancement of fluorescence quantum yield. The large shift for Y124C reveals a clear isoemissive point indicative of the two
(free and fasciculin bound) species. Equivalent concentrations of enzyme (215 nM) were present for all conditions. The
concentration of fasciculin was 215 nM. B, for acrylodan labeled E84C fasciculin produces a bathochromic shift and reduction of

fluorescence quantum yield. Equivalent concentrations of enzyme (270 nM) were present for all conditions. The concentration of
fasciculin was 800 nM.
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HT-C=HCH00
CHy

R,-DMBMP-TCh

Fluorescence Intensity (}n()7 cps)

400 420 440 460 480 500 520 540 560 580 600
Wavelength (nm)

Fig. 3. Fluorescence emission spectra of acrylodan-labeled E81C AChE following addition of (R;)-dimethylbutyl
methylphosphonothiocholine (R,-DMBMP-TCh). We observed a reduction in quantum yield immediately following addition
of (R,)-DMBMP-TCh, followed by a progressive hypsochromic shift and enhancement in quantum yield. Equivalent
concentrations of enzyme (300 nM) were present for all measurements. A stoichiometric amount of (R,)-DMBMP-TCh (340 nM)
was added, and fluorescence spectrum was taken at following time points: 0, 1, 2, 8, 20, 53, 74, 89, 100, 115, and 150 min. The
large shift for E81C reveals a isoemissive point at 510 nm, indicative of two (reversible DMBMP-TCh ... AChE complex and
conjugated DMBMP-AChE) discrete species in the progressive reaction. Acrylodan-labeled E81C ACHE free in solution (solid
line), reversibly bound with (R;)-DMBMP-TCh (dashed line), and covalently conjugated DMBMP-AChE (dotted line). (Ry,)-
DMBMP-ACKE yields an emission maximum of 459 nm, a difference of 30 nm from the (S,)-DMBMP-AChE

The practical outcome of these studies is that the Cys81 and Cys84 conjugated acrylodans then
can report on the exposure to organophosphate by the wavelength shift. Moreover, if the 81
residue is mutated and conjugated, the enzyme can distinguish between S, and R,
methylphosphonates and between the phosphorates that have a dimethoxy moiety (malathion,
metrifonate, methylparathion-oxon, DDVP) and those that have a diethoxy or larger moiety
(paraoxon, diisopropylfluorphosphate). The S, methlphosphonates and methoxyphosphorates
produce a red shift, while the R, methylphosphonates and the ethoxy and larger phosphorates
produce a blue shift. The direction of the shift depends on whether the acyl pocket on the
enzyme is perturbed.

These studies over the past 18 months have been followed up using fluorescence lifetime
analysis and decay of fluorescence anisotropy (5-7). These studies reveal two important points.
First, differences in molecular motional fluctuations can be mapped at the various sites in the
molecule as torsional, segmental and global motion. Second, the active center gorge exists in a
dynamic equilibrium with rapid opening and closing of the gorge presumably on a nanosecond to
picosecond time frame. This time frame is short relative to the diffusional translation time of the
diffusing ligand.

13
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Current efforts are devoted to examining other residues on the non-omega loop side of the gorge,
residues 341 and neighbors, that reveal fluctuations in structure around the gorge rim. These
studies were initiated by Leo Pezzementi, a sabbatical visitor from Alabama and are continuing
in the laboratory (8). Here again, we notice considerable fluctuations in this region with
diminished motion as we descend into the gorge base. A second set of studies examines omega
loop conformation when the active center serine has been removed or the histidine in the
catalytic triad has been replaced by a isoleucine. Since substrate hydrolysis is obviated, this
approach has enabled us to distinguish perturbations of structure involving the formation of the
initial complex and formation of the covalent conjugate.

As an aside, we found through these methods that the trifluoroacetophenones that form a
hemiketal linkage with the active site serine do not require the complete catalytic triad.
Isoleucine can be substituted for histidine 447 and a hemiketal conjugate forms with m-
trimethylammonio trifluoroacetophenone, whereas the same mutant enzyme will not form
conjugates with organophosphates and catalyze ester hydrolysis. These data tend to alter ones
view on the importance of the catalytic triad, Glu 337, His 447 and Ser 203, in rendering the

serine nucleophilic relative to the polarization induced by insertion of the keto oxygen moiety
into the oxyanion hole.

Current endeavors are directed to using the fluorescent enzymes in a remote sensing device to
detect organophosphate exposure. The approach has a three-fold advantage. First, detection of
organophosphate inhibition of enzyme activity depends on the reduction from full or endogenous
ACHhE activity, and full activity is subject to considerable biological variation between
individuals and over time. Hence, 10 to even 30% differences in activity cannot necessarily be
ascribed to organophosphate inhibition. On the other hand, measurement of the actual
organophosphate conjugate by the wavelength shift and wavelength ratio is easier to detect as a
significant change relative to exposure. Second, the use of the fluorescent enzyme is the very
target of organophosphate toxicity and far less susceptible to false inhibition seen with simple
colorimetric or fluorometric compounds. Third, detection does not require reagent addition for it
is only the organophosphate conjugation that causes the fluorescence change. Hence, this system
is well suited for remote sensing and a laser light source and photomultiplier detection.

Current studies are directed to placing the enzyme in a polyvinyl pyrolidine or hydrated silicon
matrices that keeps it hydrated but non-diffusable. These studies are being developed with Dr.
Michael Sailor at UCSD, who has considerable experience with hydrated matices for high
through-put detection. Should this approach not be successful, we have discussed alternative
experiments with Dr. John G. Reynolds of the Lawrence Berkeley laboratories, who has been
studying phosphatases in immobilized matrices.

3. Analysis of Organophosphate Conjugation by Mass Spectrometry Analysis of the Conjugates
of the Active Center Serine. These studies have now come to fruition for the phosphorate
insecticides where we have been able to follow simultaneously the kinetics of inactivation by the
organophosphate, ageing and spontaneous reactivation by isolating the active center tryptic
peptide and determining its mass using a MALDI source (9). Moreover, the method is quite
sensitive for we have been able to measure the conjugated organophosphate,
dimethoxyphosphoryl serine peptide, and aged species in single brain samples after exposure to
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two doses of metrifonate (Fig. 4). Current studies are directed to methylphosphonate detection in
vitro, and following in situ exposure, to sarin and cyclosarin analogs. Second, we have begun to
add oximes to these studies in order to ascertain the conjugate products after oxime exposure. In
particular, we are measuring whether in some cases the oxime does not reactivate, but rather
promotes aging. This is quite possible since the leaving group would be the serine alkoxyl
moiety or the alkoxyl moiety on the methylphosphonate. The studies should be facilitated by our
recent acquisition of a ABI Qstar XL quadrupole-time of flight mass spectrometer with both
electrospray ionization (ESI) and Matrix-assisted Laser Desorption Ionization (MALDI) sources
available. The nanoflow liquid chromatography capacity also enhances our sensitivity, and our
preliminary runs suggest that the enhancement in sensitivity is about an order of magnitude.

Figure 4. Endogenous mouse brain AChE. Mass spectra were acquired from AChE purified from mouse brain, digested with
trypsin, and fractionated by reverse-phase resin. (A) Saline-injected control and mouse treated with 200 mg/kg metrifonate. (B)
Control and 400 mg/kg metrifonate-treated mouse. Animals were sacrificed 45 min after ip injection. Unmodified ACP (4331.0
Da) of endogenous AChE from control and OP exposed mice is observed. OP-AChE conjugates are observed in metrifonate-
treated animals that correspond to inhibited and aged enzyme, dimethyl and monomethyl phosphoryl ACP adducts (4439.0 and
4425.0 Da), respectively. Representative mass spectra from three independent experiments are shown.

We have also employed mass spectrometry analysis of the tryptic peptides in AChE to analyze
whether methionine oxidation correlates with inactivation of the enzyme. Indeed that seems to
be the case, and we find that methionine 222 is the offending residue. Its oxidation to the
corresponding sulfoxide and perhaps the sulfone correlates with the inactivation process. To
confirm this, we are currently mutating the methionine to a leucine, a substitution that should
yield a more oxidation resistant enzyme.
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Fig. 5. Structure of the Mouse Acetylcholinesterase Gene. The 7.5 kb region from promoter to the second 3’ polyadenylation signal is shown.

4. Studies of Organophosphate Toxicity with Transgenic (Knock-out) Animal Strains. Although
the initial work was supported by a grant from the National Institute of Environmental Health
Sciences, we have produced a series of transgenic mice strains that should prove useful in the
study of susceptibility to organophosphate exposure (10). The various mouse strains are outlined
in Figure 5. They include: (a) deletion of exon 5, a deletion that prevents formation of
glycophospholipid-linked of AChE, a form that resides primarily in hematopoietic cells, (b) .
deletion of exon 6, a deletion which precludes the expression of the major form of AChE in
nerve and muscle and the splice variant that tethers to the plasma or basal lamina membranes, (c)
deletion of exons 5 and 6, a deletion that will eliminate all membrane associated forms of AChE
giving rise to only a soluble form of the enzyme, and (d) deletion of an upstream intron between
exons 1 and 2. The later knock-out has been done with the Cre-lox system so that
developmentally and tissue-selective knock outs are possible. '

The homologous recombinant inbred, knock-out strains are being characterized phenotypically in
terms of multiple parameters (10). The biochemical parameters include expression levels in
brain, blood, liver and skeletal muscle, identification of molecular forms in the tissues of interest:
skeletal muscle, regional areas of brain, cerebral spinal fluid, erythrocyte membranes and platelet
membranes and interiors. Behavioral, muscle strength, physiologic and metabolic parameters are
also being assessed. Once complete, we will then assess susceptibility to organophosphates and
to oxime reactivation. Such animals will prove of considerable value since they will help us
acertain the extent to which toxicity is central or peripheral and what tissues are most involved.
In addition, a non-chemical means of controlling AChE activity should tell us whether certain

16




Taylor, Palmer

oximes have therapeutic value arising from mechanisms other than reactivation. The most
exciting development comes from the deletion of 250 bp from the upstream intron region. We
observe that these animals have normal brain and spinal cord levels of AChE, but they
completely lack skeletal muscle AChE as measured biochemically or by histochemical assay.
Moreover, their erythrocyte AChE is normal, but they are devoid of platelet AChE. End-plate
structure in the new born is normal, but with time (2-3 months), structure changes from having
discrete synaptic invaginations to punctate areas of receptor density. Such changes in synaptic
structure are likely to benefit the animal since, in the absence of catalysis, dimunition of ‘
acetylcholine concentrations can only occur by diffusion from these punctuate areas.

ACHhE concentrations in organs innervated by the autonomic nervous system (post-ganglionic
parasympathetic innervation) are reduced, but not to nearly the same levels as seen in skeletal
muscle. Although the animals live with continuous tremors and do not reach the full body
weights of their homozygous controls, compromise of function is substantially less than seen in
the total knock-out produced by Dr. Oksana Lockridge and colleagues. For example, these
nullizygotes will breed and reproduce colonies of nullizygotes.

Two principal conclusions come from these observations:

(1) In the motor endplate of skeletal muscle in the intact animal, all of the AChE is derived from
muscle rather than nerve origin.

(2) A discrete intronic region of the AChE gene interacts with the endogenous promoter to
control tissue specific AChE expression. This is evident in both muscle and hematopoietic cells.
This behavior suggests that this intronic region behaves as an “enhanceosome,” interacting with
the specific promoter region.

5. Development of a New Generation of Reactivating Nucleophiles. Our recent studies with Dr.
Barry Sharpless’ group has led to a new approach to structure-guided drug design, where the
drug target itself becomes a mini-reaction vessel in which the two precursor molecules are
induced to react on the macromolecular template by virtue of the unique environment on the
enzyme surface and proximity of reactive moieties (11). We have shown proof of principle
using inhibition of AChE. Building blocks were originally designed from tethering points using
tacrine analogues as the active center anchor and propidium as the peripheral site tether. An
intervening methylene chain sequence of variable chain length terminates in either an azide or an
acetylene. The biorthogonal, cycloaddition reaction forms a triazole on the very surface of the
target (Fig. 6) the selectivity of the reaction is very high in terms of congeners of intervening
chain length and regioisomerism in the triazole moiety. This approach has yielded compounds
of extremely high affinity in some cases in the femtomolar range for dissociation constants.
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The template guided synthesis approach has yielded the following results:

1. Selectivity in formation of single cycloaddition products from large libraries has been
demonstrated (11).

2. The complexes formed, as assessed by X-ray crystallography, show that the higher
affinity regioisomer, the syn-form, selects out a unique conformation of the target, not
seen in the lower affinity trans form (12).

3. Building blocks that lack quaternary groups and are simpler in structure can be used to
synthesize in situ on the enzyme surface high affinity compounds (13). Hence, such
compounds have the potential to cross the blood-brain barrier.

4. The approach has been also used with the Drosophila enzyme and different congeners are
formed. This demonstrates the selectivity of the reaction and shows its template
discrimination capacity (13, 14).

Currently, we are developing the methods so that selective reactivating, instead of inhibitory,
compounds can be generated. One approach involves the conventional click chemistry where the
active center ligand is a nucleophile of the oxime or hydroxamic acid type and the second
building block is based on a peripheral site ligand, too bulky to enter to the base of the gorge. In
this case the critical element in design is to employ an alkylphosphorylated or phosphonylated
enzyme as the template for synthesis.

A second approach entails the development of new site directed nucleophiles, and our initial
approach has employed the Banaert reaction that produces self-generating nucleophiles.

KEY RESEARCH ACCOMPLISHMENTS

Our overall approach has been to use AChE itself the very target of toxicity, and modify it so
that it becomes a useful tool to understand and prevent toxicity from nerve agents. This
approach has been used in vitro and in vivo as follows:

1. By mutating AChE, we can enhance the rate at which oximes will reactivate the alkyl
phosphorylated enzyme. Thus, the combination of an oxime and a modified AChE
becomes a catalytic scavenger and oxime-assisted catalysis is a prudent direction for
developing prophylactic and therapeutic approaches to nerve agent toxicity.

2. Fluorophore conjugation to introduced cysteines in recombinant DNA derived AChE has
yielded an enzyme that shows substantiative wavelength shifts and changes in quantum
yield upon reaction with organophosphates. The emission spectra can distinguish certain
types of organophosphates. Since reagents do not have to be added for detection, the
approach can be used in remote sensing.

3. To distinguish the precise organophosphate conjugates, we have developed a mass
spectrometric means for detection and quantitation of the organophosphate conjugated

tryptic peptides. Sensitivity is sufficient for detection in a single mouse brain hemisphere
in Situ.
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4. Homologous recombinant mouse (knock-out) strains have been developed. They lack the
exons (5 and 6) that control oligermization and cellular disposition of
acetylcholinesterase. This enables us to control expression and cellular localization of
ACHhE in various tissues. Removal of an intronic region of the gene can very selectively
control tissue specific expression in skeletal muscle and hematopoietic cells. These
animals become valuable models for assessing toxicity to nerve agent and insecticide
exposure.

5. A new chemistry, template guided drug design, has been adopted to AChE, and we are
now applying this to the development of new reactivating agent antidotes.

REPORTABLE OUTCOMES

Reportable outcomes are described in the Key Research Accomplishments section and the
Publications listed in the Appendix.

CONCLUSIONS

Significant strides have been made in understanding the fundamental kinetics and mechanism of
organophosphate inhibition and oxime reactivation of outcomes in assessing toxicity, developing
antidotes and prophylactic agents and in detection of exposures. Substantially more needs to be
done in this area to minimize threats from chemical terrorism. This research provides several
new leads to pursue.

REFERENCES

1. *Kovarik, Z.,Radic, Z., Berman, H.A., Simeon-Rudolf, V., Reiner, E., and Taylor, P.,
Acetylcholinesterase Active Center and Gorge Conformations Analysed by
Combinatorial Mutations and Enantiomeric Phosphonates. Biochem. J., 373:33-40
(2003).

2. Wong, L., Radic, Z., Bruggemann, R.J.M., Hosea, N., Berman, H.A. and Taylor. P,
Mechanism of Oxime Reactivation of Acetylcholinesterase Analyzed by Chirality and
Mutagenesis. Biochemistry, 39:5750-5757 (2000).

3. *Kovarik, Z.,Radic, Z., Berman, H.A., Simeon-Rudolph, V., Reiner, E., and Taylor, P.,
Mutant Cholinesterases Possessing Enhanced Capacity for Reactivation of Their
Phosphonylated Conjugates. Biochemistry, 43:3222-3229 (2004).

4. "Shi, J., Radic, Z. and Taylor, P. Inhibitors of Different Structure Induce Distinguishing
Conformations in the Omega Loop, Cys ®-Cys *, of Mouse Acetylcholinesterase. J. Biol.
Chem., 277:43301-43308 (2002).

5. *Shj, J., Boyd, A.E., Radic, Z. and Taylor, P. Reversibly Bound and Covalently Attached
Ligands Induce Conformational Changes in the Omega Loop, Cys ®*-Cys *®, of Mouse
Acetylcholinesterase. J. Biol. Chem., 276:42196-42204 (2001).

20




Taylor, Palmer

6. *Shi, J., Tai, K., McCammon, J.A., Taylor, P. and Johnson, D.A. Nanosecond Dynamics

of the Mouse Acetylcholinesterase Cysﬁg-Cys96 Omega Loop. J. Biol. Chem., 278:30905-
30911 (2003).

7. *Boyd, AE., Dunlop, C.S., Wong, L., Radic, Z., Taylor, P. and Johnson, D.A_
Nanosecond Dynamics of Acetylcholinesterase Near the Active Center Gorge. J. Biol.
Chem., 279:26612-26618 (2004).

8. Pezzementi, L., Taylor, P., and Johnson, D.A., Fed. Proc. Abstract (2004).

9. *Jennings, L.L., Malecki, M., Komives, E.A., and Taylor, P, Direct Analysis of the
Kinetic Profiles of Organophosphate-Acetylcholinesterase Adducts by MALDI-TOF
Mass Spectrometry. Biochemistry, 42:11083-11091 (2003).

10. *Camp, S., Zhang, L., Marquez, M., de la Torre, B., Long, J., Bucht, G., and Taylor, P.
Acetylcholinesterase Gene Modification in Transgenic Animals. Chemico-Biol.
Interactions (2005) In Press.

11. "Lewis, W.G., Green, L., Grynszpan, F., Radic, Z., Carlier, P.R., Taylor, P., Finn, M.G.,
and Sharpless, K.B. Click Chemistry In Situ: Acetylcholinesterase as a Reaction Vessel
for the Selective Assembly of a Femtomolar Inhibitor from an Array of Building Blocks.
Angewandte Chemie, 41:1053-1057 (2002).

12. “Bourne, Y., Kolb, H.C., Radic, Z., Sharpless, K.B., Taylor, P., and Marchot, P., Freeze-
frame Inhibitor Captures Acetylcholinesterase in a Unique Conformation. Proc. Natl.
Acad. Sci., 101:1449-1454 (2004).

13. *Manetsch, R., Krasinski, A., Radic, Z., Raushel, J., Taylor, P., Sharpless, K.B. and Kolb,
H.C. In Situ Click Chemistry: Enzyme Inhibitors Made to Their Own Specifications.
J. Amer Chem Soc. 126:12809-12818 (2004).

14. *Krasinski, A., Radic, Z., Manetsch, R., Raushel, J., Taylor, P., Sharpless, K.B. and Kolb,

H.C. In Situ Selection of Lead Compounds by Click Chemistry: Target-guided

Optimization of Acetylcholinesterase Inhibitors. J. Amer. Chem. Soc. 127:6686-6692
(2005).

" Are included as Appendices

21




Biochem. J. (2003) 373, 33-40 (Printed in Great Britain)

33
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A series of eight double and triple mutants of mouse acetylcholin-
esterase (AChE; EC 3.1.1.7), with substitutions corresponding to
residues found largely within the butyrylcholinesterase (BChE;
EC 3.1.1.8) active-centre gorge, was analysed to compare
steady-state kinetic constants for substrate turnover and inhibition
parameters for enantiomeric methylphosphonate esters. The
mutations combined substitutions in the acyl pocket (Phe™
—Leu and Phe? —1Ile) with the choline-binding site
(Tyr™ — Ala and Phe™ — Ala) and with a side chain (Glu™? —
GIn) N-terminal to the active-site serine, Ser®”. The mutations
affected catalysis by increasing K, and decreasing k.,,, but these
constants were typically affected by an order of magnitude
or less, a relatively small change compared with the catalytic
potential of AChE. To analyse the constraints on stereoselective
phosphonylation, the mutant enzymes were reacted with a
congeneric series of Sp- and Rp-methylphosphonates of known
absolute stereochemistry. Where possible, the overall reaction

rates were deconstructed into the primary constants for formation
of the reversible complex and intrinsic phosphonylation. The
multiple mutations greatly reduced the reaction rates of the more
reactive Sp-methylphosphonates, whereas the rates of reaction
with the Rp-methylphosphonates were markedly enhanced. With
the phosphonates of larger steric bulk, the enhancement of rates
for the Rp enantiomers, coupled with the reduction of the Sp
enantiomers, was sufficient to invert markedly the enantiomeric
preference. The sequence of mutations to enlarge the size of the
AChE active-centre gorge, resembling in part the more spacious
gorge of BChE, did not show an ordered conversion into BChE
reactivity as anticipated for arigid template. Rather, the individual
aromatic residues may mutually interact to confer a distinctive
stereospecificity pattern towards organophosphates.

Key words: acetylcholinesterase mutation, butyrylcholinesterase
mutation, organophosphate inhibition, stereoselectivity.

INTRODUCTION

Acetylcholinesterase (AChE; EC 3.1.1.7) and butyrylcholin-
esterase (BChE; EC 3.1.1.8) are serine hydrolases that structurally
belong to the class of proteins known as the esterase/lipase family
within the o/ 8-hydrolase-fold superfamily [1]. AChE and BChE
display substantial similarity in their structures, yet differ in
substrate specificities and sensitivities to a wide range of in-
hibitors [2-4]. The available three-dimensional structures of
AChE coupled with kinetic studies of the AChE mutants with
substrates and inhibitors delineate domains within the active
site [3,5,6]. Besides the catalytic triad Ser’®-His*’-Glu®*, the
active site includes the oxyanion hole consisting of Gly'”,

Gly'2 and Ala®, the choline binding site Trp®, Tyr®, Phe™s,

and the acyl pocket Phe® and Phe®’ (throughout the present
paper, numbers refer to the numbering of amino acid residues
in mouse AChE). In BChE, which, unlike AChE, can efficiently
catalyse hydrolysis of larger molecules such as butyrylcholine
and benzoylcholine, modified substrate selectivity was shown
to result mainly from differences in the acyl-pocket structure
between the two enzymes [3,5,7]. Aliphatic residues of smaller
dimensions are found at positions corresponding to Leu®® and
[le® in BChE allowing larger substrates to fit into the active
site in an orientation appropriate for efficient catalysis [1,8].
Cholinesterases also catalyse phosphonylation of the catalytic
serine by organophosphonates. However, unlike carboxyl ester
substrates, the phosphonylated enzyme reacts slowly with water,

rendering long-lasting conjugation and inhibition of the enzyme.
Furthermore, the AChE reaction with organophosphates displays
marked stereoselectivity that can also be utilized for investigation
of the steric interactions with structural elements of the
active centre [9-12]. The tetrahedral organophosphates contain
substituents on the phosphorus atom with ideal bond angles of
109°. Therefore their substituent groups will project differently
in the active site from those in planar substrates with trigonal,
ideally 120°, bond angles. In the case of the organophosphate—
AChE interaction the three-point attachment comes from (i) a
conjugating bond distance between the active site serine and the
phosphonyl phosphorus, (ii) entry of the phosphonyl oxygen into
the oxyanion hole, and (iii) the thiocholine leaving group directed
towards the gorge exit [13].

Because the cholinesterases contain the inherent power of
stereoselectivity, and because their interaction with organo-
phosphates enables one to deconstruct steady-state catalysis,
in order to examine the transesterification step directly, we
have examined the influence of multiple site-directed mutations
in AChE on substrate turnover and active-centre serine
phosphonylation. Mutants were subjected to phosphonylation
by a series of enantiomeric pairs, Sp and Rp, of alkyl methyl-
phosphonates in which the structure of the alkoxy group
was varied: isopropyl, 3,3-dimethylbutyl and cycloheptyl
methylphosphonyl thiocholine (iPrMPTCh, DMBMPTCh and
CHMPTCh respectively; Figure 1). Double and triple mutants
of mouse AChE with residue substitutions at selected positions

Abbreviations used: AChE, acetylcholinesterase; ATCh, acetyithiocholine iodide; BChE, butyrylcholinesterase; CHMPTCh, cycloheptyl methyl-
phosphonyl thiocholine; DEPQ, 7-(0,0-diethylphosphinyloxy)-1-methylguinolinium methyl sulphate; DMBMPTCh, 3,3-dimethylbutyl methytphosphonyl
thiocholine; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid); iPrMPTCh, isopropyl methylphosphony! thiocholine; MEPQ, 7-(methylethoxyphosphinyloxy)-1-

methylquinolinium iodide.

1 To whom correspondence should be sent, at the Croatian address (zrinka.kovarik@imi.hr).
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Figure 1  Structures of the substrate and inhibitors employed in the present
study

in the active-centre gorge (Figure 2) were prepared to correlate,
through structural perturbations, the functional architecture of
the AChE gorge with the reactivity and stereoselectivity of the
chiral phosphonates. Catalytic constants for acetylthiocholine
iodide (ATCh) hydrotysis and rates of phosphonylation of mutant
enzymes were evaluated with respect to the structure and steric
orientation of the substrate and selected amino acid residues
within the active-centre gorge of the enzyme. Multiple mutants
of AChE containing F295L (Phe® — Leu), F2971 and Y337A
have enabled us to dissect the structural basis for the divergence
between AChE and BChE inhibitor specificity and kinetics.

MATERIALS AND METHODS
Chemicals

Sp- and Rp-alkyl methylphosphonyl thiocholines (Figure 1) were
synthesized and isolated as resolved Sp and R, enantiomers [9].
Stock solutions in acetonitrile were kept at —20°C, and
aliquots were diluted in water immediately before use. MEPQ
[7-(methylethoxyphosphinyloxy)-1-methylquinolinium iodide]
and DEPQ [7-(0,0-diethylphosphinyloxy)-1-methylquinolinium
methyl sulphate] prepared by Dr H. Leader and Dr Y. Ashani
(Israel Institute for Biological Research, Ness Ziona, Isracl) were
gifts from Dr B. P. Doctor (Walter Reed Army Research Center,
Washington, DC, U.S.A.). MEPQ dissolved in acetone and DEPQ
dissolved in acetonitrile were kept at — 20 °C. ATCh, DTNB [5,5'-
dithiobis-(2-nitrobenzoic acid)] and BSA were purchased from
Sigma Chemical Co., St. Louis, MO, U.S.A.

Production and purification of AChE

Preparation of the cDNA that encodes mouse AChE truncated at
position 548, which yields a monomeric form of the enzyme, has
been described previously in [14] and was used in mutagenesis as
the template wild-type cDNA. Mutant mouse AChE cDNAs were
generated by PCR-mediated standard mutagenesis procedures
(QuikChange® Kit; Stratagene, San Diego, CA, U.S.A.). Mul-
tiple mutants were generated by combined subcloning of
DNA fragments containing single mutations, or by performing
mutagenesis using mutant DNA templates. Finally, cassettes of
mutant constructs were subcloned into the mammalian expression
vector, pCDNA3 (Invitrogen, San Diego, CA, U.S.A.). The
nucleotide sequences of the cassettes were confirmed by double-
stranded sequencing.

© 2003 Biochemical Sociely

Transfection of HEK-293 cells (purchased from American
Type Culture Collection, Atlanta, GA, U.S.A.), as well as selec-
tion of expressing cells by aminoglycoside resistance conferred
by co-transfection of a neomycin acetyltransferase gene,
were described previously in [10]. Stable transfectants. were
grown to confluence in either 10-cm-diameter dishes or three-
tiered flasks with a cell growth surface area of 500 cm? (Nalge
Nunc International, Rochester, NY, U.S.A.) before replacement
of the foetal-bovine-serum-supplemented Dulbecco’s modified
Eagle’s medium with serum-free medium, Ultraculture cell
culture medium (BioWhittaker, Walkersville, MD, U.S.A.).
Harvests of the medium containing the soluble monomeric form
of AChE were performed at 2-3 day intervals; by replacement of
medium on the cell monolayers, cultures could be continued for
several weeks.

Several litres of media were subjected to affinity chromato-
graphy to purify the mutant enzymes, typically in amounts of
2-10 mg. Procainamide affinity resin utilized CNBr-activated
Sepharose CL-4B resin with a hexanoic alkyl chain [15].
Harvested ultraculture medium containing the expressed enzyme
was centrifuged (2000 g for 15 min at 4 °C), and was assayed
for AChE activity. MgCl, was added to a final concentration
of 40 mM, then the resin suspension (1 ml for each 2 mg of
AChE) and the mixture were allowed to stir in a spinner flask
(Bellco, Wineland, NJ, U.S.A.) overnight at 4 °C in the presence
of 0.02% (w/v) NaN,. The medium was poured into a Bio-Rad
Econo-column (Bio-Rad, Hercules, CA, U.S.A.), was allowed
to pack by sedimentation, and then washed with equilibrating
buffer [at 50-100 times the bed volume; 10 mM NaHCO;,
100 mM NaCl, 40 mM MgCl, and 0.02 % (w/v) NaNs, pH 8]. The
enzyme was subsequently eluted by competition with 100 mM
decamethonium bromide, at a low flow rate (1-1.5ml-h7!).
The purified enzyme was dialysed using the 14-16kDa cut-
off dialysis tubing (Spectrapore, Houston, TX, U.S.A.) against
4 litres of dialysis buffer [10 mM Tris/HCI, 100 mM NaCl, 40 mM
MgCl, and 0.02 % (w/v) NaN,, pH 8.0] four times for 6 h. Pools
of purified enzyme were stored at 4 °C.

AChE activity measurements

Enzyme activities were determined at 22 °C by the Ellman
method using ATCh as substrate [16]. Reactions were started by
adding substrate to 100 mM phosphate buffer, pH 7.0, containing
0.01% (v/v) BSA, 0.33mM DTNB and enzyme. The linear
increase of absorbance was monitored from 15 s to 2 min against
a blank containing buffer, BSA and DTNB. Maximum concen-
trations of ATCh did not exceed 100 mM. Whenever ATCh
concentrations were greater than 1.0 mM, enzyme activity was
corrected for spontaneous non-enzymic substrate hydrolysis.

Known concentrations of MEPQ or DEPQ were utilized
to titrate the number of active sites, according to procedures
described previously in [17,18].

AChE inhibition by organophosphates

In the inhibition experiments, enzyme samples were incubated
for > 30 min with organophosphonates [in 100 mM phosphate
buffer, pH 7.0, containing 0.01 % (v/v) BSA] in the absence of
substrate; typically, three to five inhibitor concentrations were
used. The inhibition reaction was stopped by the addition of ATCh
(1.0 mM final concentration), and the extent of inhibition was
determined by measuring the residual activity. To obtain the
enzymic activity at time-zero inhibition, the enzyme was added to
the reaction medium containing inhibitor and substrate.
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Figure 2 Stereo image of S-CHMPTCh bound in the active centre of wild-type mouse AGhE in the form of a Michaelis-type complex (cf. Scheme 2)

The image is based on computational analysis of the organophosphate binding in the AChE active centre described previously by Hosea et al. [21]. () The organophosphate is represented by white
(carbony), red (oxygen), blue (nitrogen) and green (phosphorus) sticks. The five AChE side chains where mutations were made are represented by orange sticks, while the catalytic triad residues
(Ser?™, GIu™ and His*7) are coloured blue. Two additional AChE residues important for interaction with ligands, Trp®® and Asp™, are also displayed. The protein o-carbon backbone of mouse
AChE (taken from Protein Data Bank entry 1maa) is displayed as a blug ribbon. (B) Transparent, solvent-accessible Connolly AChE surface, for the complex shown in (A). The shape of the surface
illustrates spatial restrictions in the enzyme active-centre gorge imposed by the mutated and neighbouring residues.

Kinetic equations

The evaluation of catalytic parameters was based on Scheme 1
(compare with [19]). According to this scheme, the enzyme
(E) associates reversibly with substrate (S) forming two binary
complexes: the ES complex in the active site and the SE complex
in a secondary peripheral site. The complex ES results in substrate
hydrolysis with the rate constant k., whereas the SE complex is
inactive. The temary complex SES leads to substrate hydrolysis
with a rate constant b k. Scheme 1 assumes that S has equal
affinity for the active site of E and SE as does S for a peripheral
site of E and ES. Constants K, and K, are the respective ES and
SE dissociation constants. The K constant approximates to the
Michaelis constant K. Throughout the present paper the symbol

K., will therefore be used instead of K. Eqn (1) describes catalysis
in Scheme 1:

14pL

Vo = eO‘kcal . Kss (1)
' 145 B
[S] Kss

where vy, is the initial steady-state rate of ATCh hydrolysis and
€y is the total enzyme active-site concentration. The catalytic
parameters were calculated by fitting experimental data to
eqn (1) [3,19].
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Ks Keat
E+S ES — E+P
+ +
S S
st Kss
KS b kcat
SE+S SES ——— SE+P

Scheme 1 Reaction scheme for substrate hydrolysis by acetylcholin-
esterase

Modified from [19].

k+1

E+OP

ki
[EJJOP] —— EP + Leaving group
-1

ki

Scheme 2 Progressive inhibition of acetylcholinesterase by organo-
phosphates

Modified from [20].

Progressive inhibition of AChE by organophosphates is defined
by Scheme 2 (cf. [20]). Enzyme (E) and organophosphate (OP)
form a reversible Michaelis-type complex ([E][OP]) from where
the covalently phosphorylated enzyme (EP) and the leaving group
of the organophosphate arise; k,, is the first-order inhibition
rate constant and k; is the overall second-order rate constant of
inhibition. Scheme 2 is defined by eqn (2):

Yo ki, - [OP]

= =Koy + t 2
nVi K; +[OP] " @

where v, and v; stand for the enzyme activity in the absence
and in the presence of inhibitor (OP) respectively at the time of
inhibition (). K; approximates to the dissociation constant of the
" [E)OP] complex, and kg, is the first-order rate constant of
inhibition determined at any given inhibitor concentration. The
k., and K; constants were calculated from eqn (2).

When [OP] « K, constants k;, and K; cannot be separately
evaluated, because eqn (2) reduces to eqn (3):

k
1nﬁ=—Kti-[op]-t=ki-[0P].t=kobs-t 3)
from which &; was calculated. The k; constant corresponds to the
ratio k, /K.

RESULTS AND DISCUSSION
Effect of mutations on catalytic constants of ATCh hydrolysis

All multiple AChE mutants contain mutations inside the active-
centre gorge of mouse AChE, and many resemble the residue
replacements in the mouse BChE active site (F295L, F2971 and
Y337A). The activity of the enzymes for ATCh is shown in
Figure 3. The bell-shaped pS-curve of wild-type AChE activity
reached an optimum at about 1 mM ATCh. Only the mutants,
F295L/Y337A and F295L/Y337A/F338A, exhibited bell-shaped
pS-curves similar to that of wild-type AChE, but reached a
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Figure 3 Concentration dependencies of ATCh hydrolysis by wild-type and
mutant AChEs

Activities are expressed in moles of hydrolysed substrate per mole of enzyme active sites
per minute. The curves were generated using eqn (1). (A) Wild-type AChE (@) and mutants
with mutations progressing from AGhE to BChE: F295L/Y337A (M), F2971/Y337A (A) and
F95L/F297i/Y337A (V). (B) Wild-type AChE (- - - -) and mutants with E202Q and F338A
substitutions: Y337A/F338A (V), F295L/Y337A/F338A (@) and E202Q/F295L/Y337A (CJ).
(C) Wild-type AChE (- - - -) and mutants with alanine substitutions: F295A/Y337A (A) and
F295A/F297A/Y337A (O0).

maximum at higher ATCh concentrations, whereas pS-curves of
the other mutants resembled that of BChE [21-23].

All mutations studied revealed an increase of K, and a
decrease of k., compared with AChE (Table 1). Two mutants,
F2951./Y337A and Y337A/F338A, had a k., similar to that of
BChE. As atesult of both a higher K, and lower k., the efficiency
of catalysis (k../K.) of the mutants at low substrate concen-
trations is less than that of wild-type AChE. Alanine at positions
295 and 297 resulted in a reduction of k., and compared with the
corresponding mutants F2951./Y337A and F295L/F2971/Y337A, -
alanine substitution led to a further reduction in catalytic constants
(cf. Table 1). In contrast, the single mutants, F295A and F297A,
showed greater catalytic rates than the F295L and F297I mutants
[10]. This combinatorial behaviour might be a consequence of
altered structural integrity of the acy! pocket in the mutant
enzyme. Replacement of the large phenylalanine residue with
alanine can be expected to yield a void area, which should be
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Table 1 Catalytic constants for ATCh catalysis by recombinant DNA-derived mouse cholinesterases

Constants were obtained by non-linear regression analysis of data from pS-curves according to Scheme 1and eqn (1). Resufts are means + S.D. (7= 3-5).

Enzyme K (M) Kss (mM) b Kea (10% min—") kea /K (107 min=" - M~")
AChE wild-type 47+7 96+20 0.2040.04 15+4 320
BChE wild-type* 35+2 13405 36402 40407 110
F295L/Y337A 100+7 62+30 0.624+0.07 40+02 40
F2971/Y337A 3404100 55434 57+21 14404 41
F295A/Y337A 76+20 24+02 33406 20402 26
Y337A/F338A 150 1+ 80 1448 26+09 39+05 26
F295L/F2971/Y337A 69430 21+19 32+05 15405 22
F295A/F297A/N337AT 190 9.1 36 1.1 58
F2951/Y337A/F338A 150420 14+7 0.33+0.07 17+041 1!
E202Q/F2951/Y337A 100+ 40 38410 71453 1.0+0.1 10

* Radié et al. 3]
+ One experiment only.

occupied with water or result in collapse of the o-carbon chain.
For the F295L and F297I substitutions, the volume reduction
and structural perturbation is smaller and less impacted by
the concomitant Y337A substitution on the opposite face of the
gorge. The aromatic residues F295, F297 and Y337 may serve to
stabilize and orient ATCh for efficient catalysis. It should
be noted that no natura! cholinesterase identified at the present
time contains alanine at positions corresponding to 295 and 297
in mouse AChE [1,24].

Inhibition by excess substrate, resulting in bell-shaped pS-
curves, is explained by the binding of a substrate molecule to
the peripheral site of the enzyme [19,25]. Residues in the acyl
pocket and choline-binding site do influence K and b values,
demonstrating that these residues are linked to the catalytic
influence of the binding of a second substrate molecule. The
F295L substitution in the Y337A mutant shows a catalytic profile
that resembles AChE in that this double mutant displays substrate
inhibition (b<1), whereas the F2971 substitution in Y337A
resembles BChE, where the double mutant shows apparent
substrate activation (b > 1). The single mutants F295L and F2971
show similar changes in the b parameter to those of the double
mutant [3,10], showing that the Y337A substitution is not involved
in the inhibition/activation process. Substitution F295L in the
triple mutant F295L/Y337A/F338A also prevents the apparent
substrate activation seen in Y337A/F338A (Figure 3). On the other
hand, comparison of catalytic parameters of F295L/Y337A and
E202Q/F295L/Y337A gives rise to the conclusion that the E202Q
mutation is responsible for the apparent substrate activation
(b>1, cf. Table 1). Previous results showed that the single
mutation E202Q of mouse AChE only slightly altered K, and
k.., but changed the K, and b values [21], and that the charge on
Glu? probably has a role in stabilization of the transition state
[26-28].

Conformational changes of the acyl-pocket loop following
conjugation of a large organophosphate and aging of the conjugate
were reported in crystal-structure analysis of Torpedo californica
ACHhE [29]. It is therefore reasonable to assume that mutations of
phenylalanine residues to isoleucine, leucine or alanine could
affect flexibility of the loop that encompasses peripheral site
residues and may link the active site with the peripheral site. The
concept of a functional linkage was first suggested by Changeux
[30] to explain allosteric binding of certain inhibitors to AChE;
later it was demonstrated directly with fluorescence spectra of
ligands bound at the peripheral site or active centre [31,32].

Table 2 Constants (£ S.E.M.) for inhibition of recombinant-DNA-derived
mouse cholinesterases by chiral thiocholine methylphosphonates

The first-order inhibition constant (k. ») and enzyme-inhibitor equilibrium dissociation constant
(K:) were determined by non-linear regression of egn (2) from kg constants (914 values)
obtained from at least three experiments.

Enzyme inhibitor ko (min=") K (M) k(108 min=" - M-T)

F2971/Y337A Re-iPMPTCh  06+02  220+130 28+18
F2951/F2971/Y337A  Sp-CHMPTCh 11403 6+16 32+17
F2951/F2971/Y337A  Rp-CHMPTCh 06402 74+43  81+60
F295L/Y337A/F338A  Sp-CHMPTCh 13104 83+43 16+
£2020/F295L/Y337A  Sp-DMBMPTCh  3.84-1.1 12+5 3304180

With the exception of F295L/Y337A/F338A, all other AChE
mutants retained substantial catalytic capacity irrespective of
whether their pS-profiles mimicked that of AChE or BChE.

Mutation analysis and phosphonylation of AChE

Mouse cholinesterases were phosphonylated by Sp and R, enan-
tiomers of CHMPTCh, iPrMPTCh or DMBMPTCh (Figure 1).
The phosphonate concentration was in excess of the enzyme
concentration, and the inhibition followed first-order kinetics.
The constants k.., K; and k; were evaluated from the dependence
of k. on the concentration of inhibitor [cf. eqns (2) and (3)].
Three different patterns for inhibition kinetics were obtained, as
shown in Figures 4(A)-4(C). For most reactions (32 out of 43)
a linear dependence of k., on the phosphonate concentration
was obtained (Figure 4A), which did not allow the distinction of
individual constants k., and K;. The same applies to the reactions
(6 out of 43) presented in Figure 4(B). The y-axis intercepts in
Figures 4(B) and 4(C) are probably due to the formation of
a reversible enzyme—inhibitor complex in which the inhibitor
was not fully displaced by 1 mM ATCh that was used in the
activity assay. This initial complex was not studied further. In
Figure 4(C), a non-linear dependence of k., on the inhibitor
concentration enabled us to calculate the primary constants
for formation of the reversible complex (K;) and the intrinsic
phosphonylation constant (k,,) using eqn 2 (Table 2). The &,
values for Rp compounds were typically less than one-half of
k,, for the S, compounds, whereas K; ranged between 12 and
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Figure 4 Representative inhibition experiments of AChE mutants by alkyl
methylphosphonyl thiocholines

Fromthe analysis of inhibition at zero time (i.e. intercept on the y-axis}, and from the relationship
between ko and inhibitor concentrations, inhibition kinetics displayed three different patterns:
(R) all inhibition lines pass through logfActivity (%)} = 2.0, and kqys was linearly dependent
on inhibitor concentration; (B) the y-intercept is befow 100% activity, whereas kqps and
inhibitor concentration still show a linear refationship; (G) the inhibition lines also intercept the
y-axes below 100 % activity, but ks against inhibitor concentration deviates from linearity and
approaches a limiting value at high inhibitor concentrations. This indicates that an appreciable
concentration of enzyme—inhibitor complex is accumulating.

220 nM. A two orders of magnitude range of second-order rate
constants (k;) for the phosphonates is primarily due to variation
in K;, the dissociation constant. Hence, K; appears to be the
major determinant of AChE reactivity toward organophosphates
[9,20,33].

The high enantiomeric stereoselectivity of wild-type AChE
with a preference for Sp over Rp enantiomers was decreased by
mutations in the choline-binding site and acyl pocket (Tables 3-5).
Generally, the mutations reduced inhibition rates by S, enan-
tiomers, whereas inhibition rates by R, enantiomers were
enhanced. The most dramatic change in rates was obtained in the
inhibition of F2971/Y337A by Rp-CHMPTCh, where the rate was

© 2003 Biochemical Society

Table 3 Rate constants (k;) for the inhibition of recombinant-DNA-derived
mouse cholinesterases by Sp- and R-CHMPTCh enantiomers

Eqn {3) was applied to calculate k; { + S.E.M.) from k45 constants (610 values) obtained from
at least three experiments.

K (10° min=" - M1

Enzyme Sp Re ki(Se)/ki(Rp)
AChE wild-type* 190+ 30 0.81+0.09 230
F295L* 6619 87+11 76
F2971* 16+3 62+3 0.26
Y337At 120+10 0.84+0.04 140
E2020% 2142 0.13+0.01 160
F295L/Y337A 140+5 25+2 56
F2971/Y337A 81+07 130+6 0.062
Y337A/F338A 160+ 4 20402 80
F295L/F2971/Y337A 32+171 81+60% 40
F295L/Y337A/F338A 16+11% 45+04 36
E2020/F295L/Y337A 64+2 19+1 34
BChE wild-type* 470+90 6.7+07 70

*{10]. :

+ 211

 From Table 2.

Table 4 Rate constants (k;) for the inhibition of recombinant DNA-derived
mouse cholinesterases hy Se- and Rp-iIPrMPTCh enantiomers

Eqn (3) was applied to calculate k; ( £ S.E.M.} from K constants (7—14 values) obtained from
at least three experiments.

ki (105 min="-M-T)

Enzyme Se Re ki(Se)/Ki(Re)
AChE wild-type* 16+1 0.14+0.03 10
F295L* 34401 12401 28
F2g71 0.95+0.46 12401 0.79
Y337A% 24+3 0.34+0.04 7
E202Q1 0.49+0.02 0.038 +0.002 13
F295L/Y337A 73402 18403 41
F2971/Y337A 0.47+0.01 28+18% 017
Y337A/F338A 41+1 0.28 +0.01 150
F295L/F2971/Y337A 0.48+0.03 026 +0.03 18
F295L/Y337A/F338A 0.40 1+ 0.01 0.46 +0.04 0.87
E202Q/F295L/Y337A 29403 0.68+0.05 43
BChE wild-type* 10+1 33401 30

*[101.

T4

£ From Table 2.

increased 160-fold compared with the ; of the wild-type AChE
(cf. Table 3). Moreover, the mutant F2971/Y337A was inhibited
16-fold more rapidly by Rp- than Sp-CHMPTCh, showing inverted
stereospecificity, greatly exceeding the ratio of rates for the single
mutant F2971 [10].

Sp~ and R-DMBMPTCh showed the most rapid inhibition
rates of the three enantiomeric phosphonate pairs, whereas the
enantiomeric selectivity for this pair with wild-type AChE was
the lowest of the three (Table 5). Inhibition rates with both
DMBMPTCh enantiomers for all other multiple mutants (except
Y337A/F338A) slightly decreased compared with that of wild-
type AChE. The 3,3-dimethylbutyl moiety, being a primary
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Table 5 Rate constants (k;) for the inhibition of recombinant DNA-derived
mouse cholinesterases by Sp- and Rp-DMBMPTCh enantiomers

Eqn (3) was applied to calculate k; ( £ S.EM.) from kg, constants (6-9 values) obtained from
al least three experiments.

k (108 min" -M-")

Enzyme Sp A ki(Sp)/ki(Re)
AChE wild-type” 360410 1949 19
F295L* 140+10 10+5 14
F2971* 56+4 1244 47
Y337A+ 750+ 20 1941 39
E202Q+ 120410 27401 44
F295L/Y337A 220+20 13+1 17
F2971/Y337A 28+2 12+1 23
Y337A/F338A 890 + 120 39+1 22
F295L F2971/Y337A 32+2 46102 7
F295L/Y337A/F338A 160+7 83+03 19
E2020/F2951/Y337A 330+ 180% 1841 18
BChE wild-type* 500 + 150 32+ 16 16

*[10].

+[21].

1 From Table 2.

instead of a secondary alkoxy moiety, has additional degrees
of torsional freedom over the cycloheptyl and isopropyl groups.
The flexibility conferred from bond rotation, along with the
hydrophobicity, may contribute to the greater reactivity of
the Rp-DMBMPTCh organophosphate over the other Rp-
methylphosphonates. The flexibility of this group may also
enhance the Sp reaction through its fit in the choline subsite.

Although the Y337A mutation had a small effect on the rate of
phosphonylation, the rate for the Y337A/F338 A mutant increased
two-fold for all Sp and R, enantiomers, except for Sp-CHMPTCh,
showing a stereoselectivity similar to, or slightly greater than, that
of the wild-type AChE (Tables 3-5). Enlargement of the choline-
binding site by mutations Y337A and F338A may provide a
preferable orientation for organophosphate reactivity in the active
centre.

Since the absolute stereochemistry of these phosphonates is
known, molecular-dynamics analysis of energy-minimized con-
formations for Sp- and Rp-methylphosphonates in the active site
of mouse AChE revealed the probable arrangement of substituent
groups [21,34]. In case of the S, enantiomer, the methyl-
phosphony! moiety can fit within the space constraints of
the acyl pocket, the phosphonyl oxygen enters the oxyanion hole
and the leaving group can fit into the space forming the choline
subsite, close to the gorge exit (Figure 2). For the Rp enantiomer,
placement of the phosphonyl oxygen and the leaving group at
these positions confronts a steric constraint of the alkoxy group in
the acyl pocket. Alternatively, placement of the methyl group
in the acyl pocket requires that either the phosphonyl oxygen is
oriented out of the oxyanion hole or the leaving group is directed
away from the gorge exit. By enlarging the acyl pocket so that
the Rp-alkoxy group orients in that direction, both positioning
criteria for efficient phosphonylation can be satisfied and the rates
are accelerated. Stabilization of the Sp-methy! group within the
confines of the acyl pocket by Phe® and Phe®” (Figure 2) is also
critical for efficient reactivity, since rates of phosphonylation by
the Sp enantiomers are diminished for the acyl-pocket mutants,
especially if Phe®” is mutated. Furthermore, decreased reactivity
of Sp enantiomers, due to replacement of residues at either the

acyl pocket or choline-binding site, is seen in the triple mutant
F295L/F2971/Y337A.

Although the F295L/F2971/Y337A mutant resembles mouse
BCHhE in composition of the acyl pocket and choline binding site,
its reactivity toward Sy enantiomers is approx. 20-fold lower than
that for the mouse wild-type BChE (cf. Tables 3-5). On the other
hand, the reactivity of the triple mutant toward Ry enantiomers
approached that of BChE, except for R,-DMBMPTCh, which
phosphonylated both AChE and BChE at slower rates. Thus
comparison of k; constants for AChE and BChE with AChE
mutants gives rise to the conclusion that the difference between
AChE and BChE is not dictated solely by residues in the acy!
pocket and the choline-binding site. Despite the ‘equivalence’ of
residues in these regions of the two enzymes, their architectures
are different. One difference not inherent in considerations of
aromaticity and volume of the active centre is the flexibility of the
a-carbon backbone surrounding the acyl pocket. For example,
Arg® in AChE may be anchored by interactions with Pro®s,
GIn*® and His*®, imparting stability to the pocket, whereas in
BCHhE, the residue at position 296 is serine. The smaller side
chain and diminished interactions may be factors in conferring
additional flexibility to the BChE acyl pocket. A recent study
on a hexa-substituted mutant of human AChE that resembled
residues of human BChE showed that this mutant did not mimic
the reactivity of human BChE toward substrates and other covalent
ligands, and it was suggested that the catalytically productive
orientation of the catalytic triad histidine in BChE is maintained
by a somewhat different array of interactions than that in AChE
[35].

General conclusions

The combinatorial approach to altering the dimensions of the
active centre through mutation, when coupled with the greater
discriminatory power of a congeneric series of enantiomeric
methylphosphonates, reveals several characteristics of the AChE
active centre. The overall dimensions of the acyl pocket are the
critical determinant in maintaining stereoselectivity. Mutations
enlarging the dimensions of the choline subsite, do not, in
themselves, reduce stereoselectivity or reactivity. It is only
when mutations in the choline subsite are combined with the
acyl-pocket mutation at residue 297 that the most dramatic
inversion in stereoselectivity is seen. Enhanced reactivity cannot
be predicted simply on the basis of the enlarged volume of the
gorge, since the favourable characteristics of elimination of
steric occlusion may be offset by formation of non-productive
complexes in the enlarged gorge. Enlarging the acyl pocket
diminishes the reactivity of all of the Sp-methylphosphonates,
suggesting that positioning the methyl group within the confines
of a small acyl pocket bordered by the two phenylalanine
residues optimizes the position of the phosphorus for reaction
in AChE. Simple partitioning of volume increases by side-chain
removal does not give an ordered increase in reactivity of the Rp
compounds.
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Mutant Cholinesterases Possessing Enhanced Capacity for Reactivation of Their
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ABSTRACT: Selective mutants of mouse acetylcholinesterase (AChE; EC 3.1.1.7) phosphonylated with
chiral Sp- and Rp-cycloheptyl, -3,3-dimethylbutyl, and -isopropyl methylphosphony! thiocholines were
subjected to reactivation by the oximes HI-6 and 2-PAM and their reactivation kinetics compared with
wild-type AChE and butyrylcholinesterase (EC 3.1.1.8). Mutations in the choline binding site (Y337A,
Y337A/F338A) or combined with acyl pocket mutations (F295L/Y337A, F2971/Y337A, F295L/F297l/
Y337A) were employed to enlarge active center gorge dimensions. HI-6 was more efficient than 2-PAM
(up to 29000 times) as a reactivator of Sp-phosphonates (& ranged from 50 to 13000 min™! M™Y), while
Rp conjugates were reactivated by both oximes at similar, but far slower, rates (i, < 10 min~! M~"). The
Y337A substitution accelerated all reactivation rates over the wild-type AChE and enabled reactivation
even of Rp-cycloheptyl and Rp-3,3-dimethylbutyl conjugates that when formed in wild-type AChE are
resistant to reactivation. When combined with the F295L or F2971 mutations in the acyl pocket, the Y337A
mutation showed substantial enhancements of reactivation rates of the Sp conjugates. The greatest
enhancement of 120-fold was achieved with HI-6 for the F2951./Y337A phosphonylated with the most
bulky alkoxy moiety, Sp-cycloheptyl methylphosphonate. This significant enhancement is likely a direct
consequence of simultaneously increasing the dimensions of both the choline binding site and the acyl
pocket. The increase in dimensions allows for optimizing the angle of oxime attack in the spatiaily impacted
gorge as suggested from molecular modeling. Rates of reactivation reach values sufficient for consideration
of mixtures of a mutant enzyme and an oxime as a scavenging strategy in protection and treatment of

“roatia, and Department of Pharmacology and

organophosphate exposure.

Organophosphates are potent inhibitors of acetylcholinest-
erase (AChE;! EC 3.1.1.7) and butyrylcholinesterase (BChE;
EC 3.1.1.8). The progressive inhibition of cholinesterases
by organophosphates is due to phosphylation (denotes
phosphonylation and phosphorylation) of their active center
serine characterized by the formation of conjugates, which
react very slowly with water. Inhibition of AChE is the main
cause of organophosphate toxicity (/). Early studies on
reactivation of the enzyme by Wilson and colleagues showed
that, by directing nucleophiles to the active site, conjugated
organophosphates could be released, regenerating the active
enzyme (2, 3). Strong nucleophiles such as oximes are
particularly effective in reactivating organophosphate—
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-pyridinium)-3-(4”-carbamoyl-1”-pyridinium)-2-oxapropane dichio-
ride.
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cholinesterase conjugates. Nucleophilic strength, the orienta-
tion of the nucleophile with respect to the conjugated
organophosphate, and the rate of aging (postinhibitory
dealkylation) are three factors well-known to affect reactiva-
tion. During the past several decades, effective oximes have
been developed as antidotes to cholinesterase poisoning that
greatly improve efficacy of treatment of acute organophos-
phate poisoning (4). The monopyridinium oxime, 2-PAM,
and bispyridinium oxime, HI-6, are the most potent reacti-
vating agents in use in antidotal therapy (Figure 1). The
effectiveness of oxime reactivators is primarily attributed to
the nucleophilic displacement rate of the organophosphates,
but efficiency varies with the structure of the bound
organophosphate, the source of enzyme and the oxime.

The crystal structures of AChE (5—7) provide templates
for detailed structural studies on ligand access to the impacted
enzyme active center gorge and steric constraints within the
active center gorge that govern selectivity in organophosphate
inhibition (8—13) and oxime reactivation (/14— 18). The site
of conjugation by organophosphates lies at the base of a
narrow and 18—20 A deep gorge. The gorge wall of AChE
is lined largely by aromatic side chains contributing to a well-
defined acyl pocket and choline binding site at the base of
the gorge (19, 20). Therefore, the orientation of the associated

© 2004 American Chemical Society
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FIGURE 1: Structures of the organophosphonates and oximes used
in this study.

and conjugated ligands within narrow confines of the gorge
and the rates of nucleophilic attack by oxime at the
conjugated phosphorus atom become important determinants
of the reactivation mechanism.

In this study, we investigated structural and kinetic bases
for reactivation of the enzyme conjugates by oximes using
a combined structure—activity approach where both inhibitor
and enzyme were modified systematically. Mouse AChE was
modified within the choline binding site (Y337A, F338A)
and the acyl pocket (F295L, F2971) in various mutation
permutations. The mutant AChE species, except for F338A,
contained mutations that resemble residues found at structur-
ally equivalent positions in BChE (residue numbering
corresponds to mouse AChE). This enabled us to examine
the basis of the divergence between oxime reactivation of
phosphonylated AChE and BChE. By using a congeneric
series of Sp and Rp enantiomeric pairs of alkyl methylphos-
phonates and two related oximes of different dimensions,
HI-6 and 2-PAM (Figure 1), subtle differences in reactivation
capability have been analyzed with the objective of enhanc-
ing reactivation rates.

MATERIALS AND METHODS

Chemicals. Sp- and Rp-alkyl methylphosphony! thiocho-
lines were synthesized and isolated as resolved Sp and Rp
enantiomers (&). Stock solutions in acetonitrile were kept at
—20 °C, and aliquots were diluted in water immediately
before use. HI-6 was a gift of B. P. Doctor at Walter Reed
Army Research Center, Washington, DC. 2-PAM, acetyl-
thiocholine iodide (ATCh), 5,5'-dithiobis(2-nitrobenzoic
acid), and bovine serum albumin (BSA) were purchased from
Sigma Chemical Co., St. Louis, MO. Both oximes, HI-6 and
2-PAM, were kept at —20 °C, and they were dissolved and
diluted in water immediately before use.

Enzymes. Preparation, expression, purification, and char-
acterization of recombinant wild-type mouse AChE and wild-
type mouse BChE and AChE mutants were described in
detail in previous studies (9, 13, 19, 21).
~ Oxime Reactivation of the Phosphonylated Enzyme. Wild-
" type and mutant enzymes (concentrations between 0.01 and
1.0 #M) were reacted with an ~10% molar excess of the
corresponding atkyl methylphosphonate until inhibition was
greater than 90%. Typical inhibition times were 30 min to 2
h, except for the case of slower inhibition with Rp enanti-
omers, when the required time was up to 6 h. The inhibited
enzyme was passed through a Sephadex G-50 spin column
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Scheme 1
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(Pharmacia) to remove excess unconjugated organophosphate
and incubated with specified concentrations of oxime in 10
mM Tris-HCI buffer, pH 8.0, containing 0.01% BSA, 40
mM MgCl,, and 100 mM NaCl. At specified time intervals,
5—10 uL. of the reactivation mixture was diluted up to 100-
fold, and residual activity was measured at 22 °C by the
Eliman method using ATCh as substrate (1.0 mM final
concentration) (22). An equivalent sample of uninhibited
enzyme was passed through a parallel column, diluted to
the same extent as the inhibition mixture, and control activity
was measured in the presence of oxime at concentrations
used for reactivation. Both activities of the control and
reactivation mixture were corrected for oxime-induced hy-
drolysis of ATCh, whenever oxime concentrations were
greater than 1.0 mM.

Kinetics of Oxime Reactivation. Oxime reactivation of
phosphylated cholinesterases proceeds according to Scheme
1. In this scheme EP is the phosphylated enzyme, [EP}[OX]
is the reversible Michaelis-type complex between EP and
the oxime (OX), E is the active enzyme and P-—-OX the
phosphonylated oxime, k45 is the maximum first-order rate
constant, and k; is the overall second-order rate constant of
reactivation.

Scheme 1 is defined by the equation:

[EPl,  kofOX]
EP], Kox +[OX] | Ford W

where [EP]y and [EP], are the concentrations of the phos-
phonylated enzyme at time zero and at time ¢, respectively.
Koy is equal to the ratio (k-1 + k42)/ksy, and it typically
approximates the dissociation constant of the [EP][OX]
complex. kus is the observed first-order rate constant of
reactivation at any given oxime concentration.

When Ky > [OX], eq 1 simplifies to

[EPly _ Kyp
[EP], KOX

[OX]t=k[OXYt =kyt (2

where from it follows that

ki,
= 3
Kox

Experimental data were presented as percent of reactivation

L VEp+ox),
% reactivation = ———— x 100 €))
VUE+0x)

where veprox), denotes the activity of the reactivated enzyme
at time ¢ and v+ox) stands for the activity of the unmodified
enzyme incubated with oxime. Both activities were corrected
for oxime-induced hydrolysis of ATCh. If the enzyme was
not completely inhibited prior to reactivation, both activities
in eq 4 were also corrected for the enzyme activity at time
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zero. Since (100 — 9% reactivation) is equal to 100[EP],/
[EP]s, one can relate the experimental data to eqs 1 and 2.

At each oxime concentration, k., was calculated from the
slope of the initial portion of log(100 — % reactivation) vs
time of reactivation plot as k. = —2.303 x slope, assuming
an approach to 100% reactivation. When reactivation fol-
lowed eq 1, k+2 and K, were obtained by the nonlinear fit
of the relationship between kyps vs [OX]; & was calculated
from eq 3. When reactivation followed eq 2, kg vs [OX]
was linear, and the slope corresponded to k,; in this case
constants k4 and K, could not be determined.

Molecular Modeling. Molecular modeling analysis was
performed in order to ascertain probable HI-6 orientations
inside the active center gorges of Sp-cycloheptyl methylphos-
phonylated wild-type mouse AChE and F2951/Y337A
mouse AChE, where the HI-6 oxime group was facing the
phosphorus conjugated to the AChE active center serine. The
model of HI-6 was built as described earlier (/4, /8) and
docked manually inside active center gorges of either Sp-
cycloheptyl wild-type mouse AChE (taken from ref /8) or
Sp-cycloheptyl F295L/Y337A mutant mouse AChE (gener-
ated from phosphonylated wild-type mouse AChE using the
Insight II program suite, Accelrys, San Diego) to achieve
starting structures of the complex. Molecular dynamics of
the complex was then performed using the procedure
described earlier (/4) and repeated 20 times for both wild-
type and mutant complexes. During the computation the
conformation of the HI-6 molecule was unrestricted, as were
the side chains of AChE residues at positions 295, 297, 338,
and phosphonylated serine at 203. The resulting 20 conform-
ers of the complex were analyzed for their total energy and
distance between the oxime group oxygen and phosphonate
phosphorus.

RESULTS

Oxime Reactivation Kinetics. Recombinant DNA-ex-
pressed mouse cholinesterases phosphonylated with Sp- and
Rp-alky! methylphosphonyl thiocholines were subjected to
reactivation by HI-6 and 2-PAM. The series of reactivation
reactions were run over a wide concentration range of oximes
to determine constants k43, Ky, and k, (Figure 2). The results
for the 74 distinct oxime—enzyme combinations are listed
in Tables 1—6. In 18 reactions, the rates of reactivation were
so slow that rate constants could not be reliably determined.
For these reactions only the maximum percent of reactivation
obtained within the stated time is listed in the tables. For
reactivation of the triple mutant F295L/F2971/Y337A only
limiting values of constants were calculated because reac-
tivation was measured at one oxime concentration only. For
8 reactions the ks values were a linear function of the oxime
concentration; consequently, only the bimolecular &, constants
could be calculated. For 44 reactions, all three constants (k+4,
Kox, k) were obtained as presented in Figure 2 and are
displayed in the tables including the maximum percent of
reactivation obtained with the highest oxime concentration
after the indicated time of reaction. The mean relative
standard error of k4, was 11%, while the corresponding errors
of Ko« and k. were larger, 43% and 39%, respectively.

All ks constants were calculated from the initial slope of
the reactivation profile. For some of the reactions, typically
those where the reactivation was not complete (cf. Tables
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FIGURE 2: Reactivation of the Sp-isopropy! methylphosphony!
F2971/Y337A conjugate by HI-6. (A) Single datum points indicate
calculated percent reactivation by eq 4 after the designated time of
reactivation with (O) 1, (¥) 0.5, (O) 0.1, and (a) 0.05 mM HI-6.
(B) Slopes of the reactivation curve yield ko constants. (C) ks is
plotted as a function of HI-6 and the line fitted using eq 1.

1—-6), the kinetics at the longer time intervals deviated from
the first-order process described in eqs 1 and 2. This
deviation could be due to a fraction of the phosphonylated
enzyme aging with the loss of the alkoxy group, reinhibition
of the active enzyme by the phosphonylated oxime, the
presence of a minor abundance oxime-resistant conformation,
and/or spontaneous reactivation of the phosphonylated
conjugates.

Aging of the three Sp-phosphonate-conjugated Y337A
mutants was examined by measuring the extent of reactiva-
tion with high HI-6 concentrations added at designated
intervals after inhibition with the phosphonate and removal
of excess inhibitor. Aging of Sp-isopropyl and Sp-3,3-
dimethylbutyl methylphosphony! Y337A conjugates was not
detected over 36 h, while the aging rate constant of
Sp-cycloheptyl methyl conjugated Y337A was 0.005 min™!.
This is faster than the reported aging rate constant of Sp-
cycloheptyl methyl conjugated wild-type AChE (0.0004
min~1; 18).

In a previous study it was shown that spontaneous
reactivation of phosphonylated Torpedo californica AChE
and human plasma BChE by cycloheptyl, isopropyl, and 3,3-
dimethylbutyl methylphosphony! thiocholine enantiomers
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Table I: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated with Sp-Cyeloheptyl Methylphosphonyl

Thiocholine?

reactivator (mM) enzyme ko (min™h) Kox (mM) k (min™!' M % refctyax time
HI-6 (0.2—20) AChE wt 0.60 + 0.04 54408 112 4+ 19 90 5 min
HI-6 (0.02—0.5) Y337A 2000 £ 90 80 I min
HI-6 (0.002—0.1) F2951L/Y337A 13180 &+ 1414 80 3 min
HI-6 (0.01-3) F2971/Y337A 6.0+£05 264+04 2300 4 400 100 I min
HI-6 (0.2—10) Y337A/F338A 0.051 £ 0.003 0.50 +0.12 102 + 26 80 30 min
HI-6 (10) F295L/F2971/Y337AY =24 80 20 min
HI-6 (1, 30) BChE wt <10 48 h
2-PAM (1-20) AChE wt 0.0040 £ 0.0007 6.1+£3.0 0.66 +0.34 70 15h
2-PAM (0.1—40) Y337A 0.0025 + 0.0001 0.62 +0.14 41410 80 S5h
2-PAM (0.4-20) F295L/Y337A 0.016 4 0.003 10 43 1.74£05 70 3h
2-PAM (2—30) F2971/Y337A 0.018 4 0.002 2.7+12 69:+33 70 2h
2-PAM (1-60) Y337A/F338A 0.00035 - 0.00002 0.75 £ 0.43 047 +£0.29 40 25h
2-PAM (40) F295L/F2971/Y337A" 20.12 100 5h
2-PAM (5, 40) BChE wt <5 48 h

« Constants (£standard errors) are caleulated (eqs 1—3) from ko constants (8—16 values) obtained in two to seven experiments. The maximal
percent of reactivation (% reacty,) measured within the specified time of the experiment is also given. » Only one kg was determined (0.24 + 0.04
min™! with HI-6 and 0.0048 + 0.0011 min™! with 2-PAM).

Table 2: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated with Sp-3,3-Dimethylbuty! Methyiphosphonyl

Thiocholine”

reactivator (mM)

enzyme Jeyz (min~) Kox (MM) k (minTtM™) % reactpa time
Hi-6 (0.05—5) AChE wt 0.39 + 0.09 384+ 1.8 102 + 53 80 10 min
HI-6 (0.05—5) Y337A 32105 2.8+ 1.0 1200 + 490 100 2 min
HI-6 (0.01—1) F295L/Y337A 1300 3 60 100 2 min
HI-6 (0.01—-10) F2971/Y337A 1.4+ 0.1 19405 720 4 180 100 5 min
HI-6 (1-40) Y337A/F338A 0.10 4+ 0.01 21412 47 £+ 28 80 20 min
Hi-6 (10) F295L/F2971/Y337A" =31 80 10 min
HI-6 (0.5—20) BChE wt 0.73+0.14 71432 103 & 51 100 10 min
2-PAM (1-40) AChHE wt 0.18 = 0.01 90 8h
2-PAM (5—40) Y337A 0.041 + 0.003 80 33h
2-PAM (0.5—40) F2951./Y337A 0.0018 £ 0.0002 28+ 1.1 0.66 - 0.27 90 25h
2-PAM (10—60) F2971/Y337A 0.0025 & 0.0002 9.0+3.6 0.27 £ 0.11 80 I5h
2-PAM (5—60) Y337A/F338A 0.00023 & 0.00001 0.54 £ 0.85 0.42 & 0.65 60 70 h
2-PAM (40) F295L/F2971/Y337A? =0.22 90 6h
2-PAM (3-30) BChE wt 0.028 & 0.003 32417 8.7+46 100 3h

“ Constants (£standard errors) are calculated (eqs 1—3) from ke constants (5—15 values) obtained in two to four experiments. The maximal
percent of reactivation (% reactu.:) measured within the specified time of the experiment is also given. ® Only one ko»s was determined (0.31 & 0.06

min~! with HI-6 and 0.0088 & 0.0021 min™! with 2-PAM).

Table 3: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated with Sp-Isopropyl Methylphosphony! Thiocholine?

reactivator (mM) enzyme iz (min™Y) Kox (mM) ke {min~' M™1) % reactpgx time (min)
HI-6 (0.05—-1) AChE wt 0.20 £ 0.03 0.15£0.09 1330 &+ 780 90 10
HI-6 (0.2—-20) Y337A 1.13 +£0.08 47408 240 4- 47 100 2
HI-6 (0.5—30) F295L/Y337A 0.27 £ 0.01 0.37 £0.09 730 &+ 180 80 10
HI-6 (0.05—-1) F297VY337A 0.95+£0.13 041 1+0.14 2330 4 844 100 5
HI-6 (1-20) Y337A/F338A 0.26 +0.02 1.5£06 178 & 74 90 15
HI-6 (0.05-5) BChE wt 0.014 &+ 0.001 0.064 + 0.024 215+ 70 80 90
2-PAM (0.1—10) AChE wt 0.095 £0.013 0.088 4 0.075 1080 4 940 100 30
2-PAM (0.2—40) Y337A 0.21 £0.01 26+03 82+ 11 80 20
2-PAM (1-40) F295L/Y337A 35404 90 30
2-PAM (0.1-40) F2971/Y337A 29402 55413 534 + 133 90 |
2-PAM (1-40) Y337A/F338A 0.072 £ 0.004 1.54+0.5 46 + 14 90 30
2-PAM (0.05~10) BChE wt 2.98 +0.01 2.394+0.02 1250 £ 9 90 I

“ Constants (=%standard errors) are calculated (eqs 1—3) from ke constants (619 values) obtained in two to five experiments. The maximal
percent of reactivation (% reactnx) measured within the specified time of the experiment is also given.

proceeded very slowly, if at all (rate constants less than 0.001
min~!) (23). In initial studies, we did not observe spontaneous
reactivation with return of AChE activity in several of the
methylphosphony! conjugates studied as we have observed
for the dimethyl, diethyl, and diisopropylphosphoryl conju-
gates of mouse AChE (24). The phosphonyl oxime (product
of reactivation) could reinhibit the free enzyme (2, 25, 26),

but we have yet to identify the inhibitory potency and the
stability of these reactivation products.

Oxime Reactivation of the Sp-Alkyl Methylphosphonylated
Cholinesterases. The kinetic parameters for reactivation of
the Sp-cycloheptyl, Sp-3,3-dimethylbutyl, and Sp-isopropyl
methylphosphonylated cholinesterases by HI-6 and 2-PAM
are presented in Tables 1—3. All Sp conjugates were
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Table 4: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated with Re-Cyclohepty! Methylphosphonyl

Thiocholine”
reactivator (mM) enzyme ki (min~') Koy (mM) by (mintM™H % 1eactingg time (h)
HI-6 (1, 40) AChE wt <15 50
HI-6 (0.3-20) Y337A 0.00042 =+ 0.00002 1L.0£02 041+ 0.06 50 85
HI-6 (1—30) F2951L/Y337A <25 40
Hi-6 (1040} F297VY337A <25 72
HI-6 (0.2-2) Y337A/F338A <15 40
HI-6 (10--30) BChE wt <15 50
2-PAM (1, 40) AChE wt <25 50
2-PAM (0.3—5) Y337A 0.00047 + 0.00004 0.364:0.16 13406 50 85
2-PAM (20—40) F295L/Y337A <25 40
2-PAM (5—40) F297I/'Y337A <40 60
2-PAM (0.3-5) Y337TA/F338A 0.00040 £ 0.00010 0.99 £ 0.87 0.40 £ 037 40 20
2-PAM (20—40) BChE wt 0.027 =+ 0.001 70 23

« Constants (Zstandard errors) are calculated (eqs 1—3) from ko constants (4—8 values) obtained in one to three experiments. The maximal
percent of reactivation (% reactm.,) measured within the specified time of the experiment is also given.

Table 5: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated with Rp-3,3-Dimethylbuty! Methylphosphonyl

Thiocholine?
reactivator (imM) enzyme kiz (min™!) Kox (mM) k. (min~' M) % reactne time (h)
HI-6 (0.2—2) AChE wt <15 40
HI-6 (0.2--40) Y337A 0.00040 + 0.00002 0.54 4+ 0.14 0.74 £ 0.19 70 35
HI-6 (1,10) F295L/Y337A <25 60
HI-6 {10—40) F297I/Y337A <25 60
HI-6 (0.2—-2) Y337A/F338A 0.00014 + 0.00001 0.076 & 0.051 1.8+1.2 50 40
HI-6 (1~10) BChE wt <25 50
2-PAM (0.3—5) AChE wt <15 40
2-PAM (0.5—5) Y337A 0.0007 + 0.0000 0.38 + 0.08 1.8+04 60 35
2-PAM (5, 30) F2951/Y337A <25 60
2-PAM (20—-60) F2971/Y337A <25 60
2-PAM (0.3—5) Y337A/F338A <15 60
2-PAM (3—30) BChE wt 0.0079 £ 0.0011 134+ 4 0.62 £0.22 80 20

“ Constants (Zstandard errors) are calculated (eqs 1-—3) from kus constants (4—8 values) obtained in one or two experiments. The maximal
percent of reactivation (% reactn.x) measured within the specified time of the experiment is also given.

Table 6: Reactivation of Recombinant DNA-Derived Mouse Cholinesterases Phosphonylated with Rp-Isopropyl Methylphosphony! Thiocholine®

reactivator (mM) enzyme kiz (min~Y) Kox (mM) ke (min" M) % TeacCtpay time (h)
HI-6 (0.2—40) AChE wt 0.0075 £ 0.0003 43407 1.7£03 70 10
HI-6 (0.2--30) Y337A 0.0071 £ 0.0004 0.97 £0.23 73+ 1.8 80 8
Hi-6 (1-30) F295L/Y337A 0.0013 =+ 0.0001 0.95 1 0.56 1.3£08 70 16
HI-6 (5—40) F2971/Y337A 0.0021 -+ 0.0003 16 £ 8 0.13 4+ 0.07 50 16
HI-6 (1-30) BChE wt 0.00035 4= 0.00004 1.1 £09 0.23 +0.25 40 25
2-PAM (0.3~40) AChE wt 0.0029 £ 0.0004 1.9+ 1.1 1.5+ 0.9 70 20
2-PAM (0.3—40) Y337A 0.0026 + 0.0001 0.60 £ 0.21 43+ 15 80 8
2-PAM (5—30) F295L/Y337A 0.0096 + 0.0039 10+ 11 0.95 £ 1.09 80 10
2-PAM (5—60) F2971/Y337A 0.041 + 0.003 100 25
2-PAM (5—30) BChE wt 0.024 4 0.006 27413 0.88 4- 0.47 100 4

2 Constants (-standard errors) are calculated (eqs 1—3) from ks constants (610 values) obtained in two to four experiments. The maximal
percent of reactivation (% reactn..) measured within the specified time of the experiment is also given.

reactivated nearly completely with the exception of Sp-
cycloheptyl methylphosphonylated BChE (cf. Table 1). The
Sp-cycloheptyl methylphosphonylated F2951./F2971/Y337A
mutant, structurally the most similar to BChE in substituted
active center gorge residues, was reactivated between 80%
and 100% by both oximes.

Reactivation of all Sp-phosphonylated AChE and mutant
conjugates by HI-6 was appreciably faster than by 2-PAM.
The difference in k; between oximes is primarily dictated
by the unimolecular reaction step, k4,, which is more than
100-fold slower for 2-PAM than HI-6. Single or double
substitutions involving F295L, F2971, and Y337A within the
AChE gorge enhanced the % in reactivation of mutants
phosphonylated with bulky methylphosphonates (cycloheptyl

and 3,3-dimethylbutyl; Tables | and 2), while only the F2971/
Y337A double mutation enhanced reactivation of all three
Sp conjugates. The greatest enhancement of 4, (about 120-
fold) over the wild-type AChE was obtained in reactivation
of Sp-cycloheptyl methylphosphonyl F295L/Y337A AChE
by HI-6 (cf. Table 1); the determined k, was the greatest for
all reactions reported in this paper.

Both wild-type AChE and BChE phosphonylated with Sp-
isopropyl methylphosphonate were reactivated by both
oximes more rapidly (higher & value) than the wild-type
enzymes phosphonylated by the more bulky Sp-3,3-dimeth-
ylbutyl and Sp-cyclohepty! methylphosphonates (cf. Table 3
vs Tables | and 2). Although . for 2-PAM reactivation of
wild-type AChE and BChE was similar, the component K
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and ko constants differed by 30-fold where phosphonylated
ACHE had a higher affinity (i.e., lower K,,) and lower &4,
for 2-PAM, and on the other hand, phosphonylated BChE
had a higher maximum reactivation rate constant {(k,).

Oxime Reactivation of the Rp-Alkvl Methylphosphonylated
Cholinesterases. Tables 4—6 present results for reactivation
of the Rp-cycloheptyl, Rp-3,3-dimethylbutyl, and Rp-isopropyl
methylphosphonylated enzymes. HI-6 and 2-PAM showed
similar but low reactivation efticiency (from 34 conjugates
only 18 were reactivated). For the bulky Rp-cycloheptyl
(Table 4) and Rp-3,3-dimethylbutyl (Table 5) methylphos-
phonylated wild-type AChE reactivation was not evident with
either HI-6 or 2-PAM, while the corresponding BChE
conjugates were reactivated by 2-PAM nearly completely
albeit at slow rates. Hence, 2-PAM reactivation showed an
inverted stereoselectivity for the cycloheptyl methylphos-
phonyl BChE conjugate: the Sp conjugate was resistant to
reactivation (cf. Table 1), while the Rp conjugate was
reactivated.

Reactivation kinetics of mouse single residue mutants of
ACHE conjugated with these methylphosphonates was previ-
ously studied by Wong et al. (/8). Data given in the present
paper agree with the reported results except for the reactiva-
tion of wild-type AChE conjugated with Rp-3,3-dimethyl-
butyl methylphosphonate (Table 5). In the present experi-
ments this conjugate was found not to be reactivatable, while
in previous experiments substantial reactivation was observed
by both oximes (/8). In the previous study inhibition was
carried out at a 14-fold excess of organophosphate, on
average (range of 4-fold to 22-fold), and inhibition by a
minor abundance of the Sp contaminant may have predomi-
nated under this condition. This situation was avoided in the
current studies by using inhibitors in only 10% stoichiometric
€XCEeSS.

Reactivation rates of the less bulky Rp-isopropyl methyl
phosphonylated enzymes presented in Table 6 were generally
more rapid than the conjugates phosphonylated with the
larger two Rp-phosphonates. The highest bimolecular reac-
tivation rate for the Rp conjugate of Y337A was 7.3 min™!
M-! for HI-6 and 4.3 min~! M~! for 2-PAM. Comparing
these reactivation rates with the rates of Rp-Y337A conju-
gates in Tables 4 and 6, it follows that Rp-isopropyl methyl
phosphonylated Y337A had the highest k4, value. The
Y337A mutation coupled with F338A also showed ap-
preciable rates of reactivation of Rp-cycloheptyl methylphos-
phonyl Y337A/F338A AChE by 2-PAM and Rp-3.3-
dimethylbutyl methylphosphony! Y337A/F338A AChE by
HI-6, but reactivation was not complete.

Molecular Modeling. Models of the reversible Michaelis-
type complexes (Figure 3; [EP][OX] in Scheme 1) between
HI-6 and either Sp-cycloheptyl methylphosphonylated wild-
type mouse AChE or F2951/Y337A mouse AChE resulting
from molecular dynamics calculation indicate that, with the
wild-type enzyme, HI-6 can assume only one distinct
productive orientation with the slender molecule extended
through the narrow gorge (Figure 3B). Within the enlarged
gorge of the F2951./Y337A mutant AChE additional orienta-
tions appear likely. The HI-6 chain coils back into the
enlarged choline binding site where the nonreactive carbam-
oyl pyridinium moiety is stabilized (cf. Figure 3A,C). The
distance between the oxime oxygen and the phosphorus in
wild-type conformations (4.2 & 1.0 A, »n = 20) and mutant
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gorge conformations (4.5 & 0.9 A, » = 20) appeared very
similar and consistent with distances found for similar
oxime—AChE complex models obtained by other authors
(about 4.4 A measured for the structure deposited by Pang
et al.: PDB accession codes 1JGA and 1JGB; 27).

DISCUSSION

Reactivation by the two oximes demonstrates the superior-
ity of HI-6 over 2-PAM for reactivation of wild-type AChE
and mutant Sp-phosphonate conjugates. Moreover, the en-
zyme conjugates showed a high degree of stereoselectivity
for HI-6 reactivation, with preference of Sp over Rp enanti-
omers. Taken together with previous findings on organo-
phosphate inactivation (9, 10, 13) and reactivation (I8, 25,
28), oxime-mediated reactivation is governed by several
principles.

Similar to inhibition by phosphonates, reactivation ef-
ficiency is enhanced by phosphonyl oxygen insertion into
the oxyanion hole in the presumed transition state. Owing
to the spatial constraints of the acyl pocket, the bulky Rp-
methylphosphonates cannot achieve optimal positioning of
alkoxy groups without distortion of structure. Accordingly,
Jjust as the Rp inhibitors react far more slowly with AChE
(9, 10, 13), they are either resistant to reactivation or
reactivate slowly (I8). For Rp conjugates suboptimal posi-
tioning of the phosphonyl oxygen in the oxyanion hole and
limitations on oxime access to the phosphonate both slow
reactivation rates. However, a single mutation of the choline
binding site, Y337A, enabled reactivation of the Ry conju-
gates. Reactivation was increased presumably because of an
improved clearance in the formation of the pentacoordinate
transition state and the reduction in steric constraints around
residue 337. The tetrahedral phosphonate may move slightly
toward the vacant area created by removal of the aromatic
side chain at position 337, allowing a more favorable angle
of oxime attack.

The spatial constraints of the gorge give rise to a
dimensionally impacted organophosphate with a limited
angle of access for the attacking mucleophile. Our previous
studies of acyl pocket mutations suggest a nucleophilic attack
route to the phosphorus atom coming from the acyl pocket
direction (/8). We show in this paper that enhancing
clearance in the vicinity of Y337 has an influence on
reactivation rates. Indeed, the double mutation involving
F295 and Y337 yields the greatest rate enhancement. This
suggests that the route of oxime attack still occurs from the
acyl pocket side, but the tethered phosphonate is able to adopt
an exposed position more amenable to attack, or new
orientations of the attacking oxime allowed by the vacant
area created near residue 337 optimize the attack angle.

The likely position of HI-6 in the mutant F295L/Y337A
for the attack on phosphonylated serine is shown in Figure
3A. Simply opening the AChE choline binding site in all
dimensions to enhance access of the oxime group to the
phosphorus atom is not sufficient to increase reactivation.
Additional substitution by F338A leading to a more open
gorge appeared counterproductive for reactivation (cf. Table
1). Certain aromatic residues may be required in order to
stabilize the oxime in the proper orientation between F338
and F297 as shown in Figure 3. Hence, reactivation of Sp-
cycloheptyl methylphosphonyl Y337A/F338A conjugate was
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FiGure 3: (A) Stereo image of an energy-minimized HI-6 conformation (carbon atoms in yellow, nitrogen in blue, oxygen in red) in the
F2951/Y337A mouse AChE (in blue ribbon) Sp-cycloheptyl methylphosphonylated active center gorge. The active center is viewed through
the gorge opening. The lowest energy conformer is shown, out of a cluster of 20 similar resulting conformations. The dotted white line
indicates the direction of nucleophilic attack of FII-6. Only selected AChE residues are displayed in blue, white (catalytic triad), and orange
(residues mutated in this study). (B, C) Cutaway diagrams at identical angles of the HI-6 complex with wild-type mouse AChE (panel B)
and in the F295L/Y337A mutant mouse AChE (panel C). The AChE represented by Connolly solvent-accessible surface was cut approximately
in half to reveal the position, size, and depth of the active center gorge in the wild-type and mutant AChE. The orange arrow indicates the

position of the F297 side chain hidden behind a surface.

not as efficient as was reactivation of the F295L/Y337A
conjugate.

While opening of the gorge can greatly enhance oxime
efficacy, a gorge devoid of critical aromatic residues or a
tethered phosphonate with many degrees of freedom and
torsional movement, as found for BChE, yields an environ-
ment not conducive to efficient reactivation by HI-6, whereas
reactivation by the smaller, but less efficient, 2-PAM
molecule is less influenced by this difference. Hence, efficacy
of oximes is dependent not only on the oxime structure but
also on the position of the conjugated phosphorus residue.
Attack by the oxime is believed to proceed through a
pentavalent (trigonal bipyramidyl) intermediate and formation
of the phosphorylated oxime. Both 2-PAM and HI-6 have
their oxime groups in the ortho position to the cationic
pyridinium nitrogen, and their attacking orientations should
have distinctive steric constraints. Hence, the inability of
2-PAM and HI-6 to cause reactivation of certain conjugates,
particularly Rp conjugates, may not prevail for all oximes.
Obidoxime and TMB-4, two symmetric dioximes with oxime

groups para to the pyridinium ring, reactivate Rp conjugates
to near completion although at very slow rates (I8, 23).
Fortunately, the Rp enantiomers that are resistant to oxime
reactivation are also less reactive as phosphonylation agents
(9, 10, 13). Hence, they will be the less reactive and toxic
of the chiral pair. ‘

A practical outgrowth of these studies is the application
of mutant AChE—oxime combinations to catalyze the
hydrolysis of organophosphates both in vitro and in vivo.
Cholinesterases in the plasma are efficient scavengers of
organophosphates in terms of reactivity; however, their
capacity is limited by virtue of the 1:1 stoichiometry between
the small organophosphate (100—200 Da) and the ~70 kDa
subunit bearing the catalytic serine. Hence, an enzyme—
reactivator combination catalytic to the organophosphate
hydrolysis, rather than stoichiometric to conjugation, would
greatly reduce doses needed for scavenging.

Lockridge et al. (/7) generated mutations in butyrylcho-
linesterase that catalyze the hydrolysis of organophosphates.
However, mutations that enable organophosphate turnover
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also compromise its capacity to react initially with the
organophosphate, thus limiting the potential of butyrylcho-
linesterase in vivo. By contrast, the mutations described here
that enhance oxime reactivation react efficiently with the
methylphosphonates as described previously (73), and the
limitations in scavenging capacity then depend on efficiency
of the oxime to continually regenerate active AChE. By
enhancing the rate some 120-fold, we approach a range where
scavenging efficiency has a practical outcome. Efficiency
of scavenging is also a pharmacokinetic consideration since
the introduced organophosphate must be scavenged in the
plasma before it distributes into extracellular space and/or
accesses the blood—brain barrier. As shown here, the
enhanced scavenging capacity is manifested to the greatest
extent in those bulky Sp enantiomers that are most intractable
to reactivation. Of the offending methylphosphonates, cy-
closarin and soman would fall into this category.
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We have shown previously that association of revers-
ible active site ligands induces a conformational change
in an omega loop (© loop), Cys®*-Cys®, of acetylcho-
linesterase. The fluorophore acrylodan, site-specifically
incorporated at positions 76, 81, and 84, on the external
portion of the loop not lining the active site gorge, shows
changes in its fluorescence spectrum that reflect the
fluorescent side chain moving from a hydrophobic envi-
ronment to become more solvent-exposed. This appears
to result from a movement of the Q loop accompanying
ligand binding. We show here that the loop is indeed
flexible and responds to conformational changes in-
duced by both active center and peripheral site inhibi-
tors (gallamine and fasciculin), Moreover, phosphoryla-
tion‘and carbamoylation of the active center serine
shows distinctive changes in acrylodan fluorescence
spectra at the  loop sites, depending on the chirality
and steric dimensions of the covalently conjugated li-
gand. Capping of the gorge with fasciculin, although it
does not displace the bound ligand, dominates in induc-
ing a conformational change in the loop. Hence, the
ligand-induced conformational changes are distinctive
and suggest multiple loop conformations accompany
conjugation at the active center serine. The fluores-
cence changes induced by the modified enzyme may
prove useful in the detection of organophosphates or
exposure to cholinesterase inhibitors.

Acetylcholinesterase (AChE)! plays a pivotal role in neu-
rotransmission by terminating the action of neurotransmit-
ter, acetylcholine, at neuromuscular junction and other cho-
linergic synapses (1-3). AChE is one of most efficient
enzymes known with hydrolysis of its natural substrate
reaching diffusion-controlled limits. Inhibitors of AChE tar-
get two sites in the active site gorge: an active center at the
base of a narrow gorge 20 A in depth and a peripheral site at
the gorge rim (4). At the active center, a residue triad (Ser?°>.
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Glu®*-His**") promotes acyl transfer and hydrolysis of the
substrate, whereas Trp®® at the gorge base primarily stabi-
lizes choline moiety of the substrate through a cation-n
interaction. Active site inhibitors block substrate binding
either by associating with the tryptophan in the choline bind-
ing site (tacrine and edrophonium) or by reacting irreversibly
with catalytic serine (carbamates and organophosphates).
Peripheral site inhibitors, such as propidium and gallamine,
inhibit catalytic activity through both steric blockade and
allosterically altering catalytic efficiency of the active center
residues (4-8).

To elucidate the conformational changes associated with
mechanistically distinctive inhibitors, we developed a means
for physically monitoring the conformation of purified mouse
AChE by site-directed labeling with an environmentally sensi-
tive fluorophore, acrylodan. Six single cysteine mutants were
prepared for acrylodan conjugation (Fig. 1). Three were on
the Cys®-Cys® omega loop (Q loop) flanking the active site
gorge: L76C near the tip of the loop, and E81C and E84C on
the outer surface not lining the gorge. Two residues on the
opposing face of the gorge, H287C and Y124C, were selected,
solvent exposure of which would be expected to be occluded by
bound ligands that extend to the outer reaches of the gorge.
A final residue, A262C, on a distal disulfide loop and whose
temperature coefficient (B factor) would indicate flexible loop
movement (9, 10), was selected as a control region. This
residue is not anticipated to be influenced by ligand-induced
changes in conformation. Our previous study showed a batho-
chromic emission shift of acrylodan conjugated at Q loop
residues 76, 81, and 84 upon binding of inhibitors, such as
tacrine, edrophonium, huperzine A, and m-(N,N,N-trimeth-
ylammonio)trifluoromethyl acetophenone, that interact with
Trp 86 in the choline binding site (11). Acrylodan fluores-
cence is exquisitely sensitive to dipole moment of the sur-
rounding solvent or macromolecular milieu (12-14). A batho-
chromic shift reflects exposure to solvent around the
fluorophore. This pattern likely results from a concerted
movement in the Cys®*~Cys®® ) loop upon binding of revers-
ible inhibitors.

Because a conformational change in the ) loop induced by
ligand is not reflected in the crystal structures of the AChEs
studied to date (9-10, 15-18), and steady state catalysis by O
loop mutant AChEs yielded minimal evidence for the loop being
involved in the catalytic cycle (19, 20), we developed a means to
measure directly conformation and solvent exposure in and
around the active center gorge. In this study, we investigate
the conformational changes reflected in acrylodan fluorescence
for peripheral site inhibitors and for a congeneric series of
carbamates and organophosphates that react covalently with
the active center serine. Fluorescence measurements, com-
bined with kinetics of inhibitor association, reveal a linkage
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Diethylphosphory

Fic. 1. Panel A, locations of introduced cysteines for fluorophore modification of mouse AChE. Residues 76, 81, and 84 are at the tip (residue 76)

Ligand-specific Conformation of Acetylcholinesterase

and outer portion (residues 81 and 84) of the £} loop. Residues 124 and 287 are on an opposing face of the gorge and make up part of the peripheral
anionic site. Residue 262 is on a small distal disulfide loop showing a large thermal factor in the crystal structure. White surface at the base of active
site gorge shows the ethyl moiety of diethylphosphoryl-AChE when conjugated to serine 203 at the base of the active center gorge. Panel B,
expanded view of the acrylodan side chain at the 81-position determined from a energy-minimized structure of mouse AChE (43). The amino-

naphthalene moiety of acrylodan resides between the side chains of Asp

between inhibition and a conformational change in the
loop. Ligand conjugation at the active center and association
at the peripheral site induce distinctive conformational
changes in the loop. Because the character of the spectral
changes is dependent on chirality and dimensions of the
ligand as well as its site of association, the Q loop exhibits
considerable flexibility in the solution conformations of
AChE.

MATERIALS AND METHODS

Inhibitors and Substrates—Acetylthiocholine iodide, 5,5'-dithiobis(2-
nitrobenzoic acid), DFP, dithiothreitol, physostigmine, gallamine, neo-
stigmine, and paraoxon were purchased from Sigma-Aldrich. Acrylodan
was obtained from Molecular Probes (Eugene, OR), echothiophate was
obtained from Ayerst Laboratories (Philadelphia, PA), and DDVP was
obtained from Bayer Inc. (West Haven, CT). Rivastigmine was obtained
as the commercial product (Exelon) from Novartis. Fasciculin 2 (puri-
fied from the venom of Dendroaspis angusticeps) was a gift of Dr.
Pascale Marchot (University of Marseille, Marseille, France). Drs.
Yacov Ashani and Bhupendra P. Doctor (Walter Reed Army Research
Center, Washington, DC) kindly provided 7-[[(methylethoxy)phosphi-
nyljoxyll-1-methylquinolinium iodide (MEPQ) and procainamide-
linked Sepharose CL-4B resin. The chiral organophosphonate enanti-
omers, (S_)-dimethylbutyl methylphosphonothiocholine ((S,)-DMBMP-
TCh), (S )-cycloheptyl methylphosphonothiocholine, (§,)-isopropy!
methylphosphonothiocholine, and (R, )-dimethylbutyl methylphospho-
nothiocholine (R )-DMBMP-TCh) were kindly provided by Dr. Harvey
Berman (State University of New York, Buffalo, NY).

Expression, Mutagenesis, and Purification of mAChE—Mouse AChE
was produced by transfection of expression plasmid (pCDNAS, Invitro-
gen, San Diego, CA) containing an encoding cDNA where the AChE
sequence was terminated at position 548. The plasmid was transfected
into human embryonic kidney (HEK293) cells. Cells were selected with
G418 to obtain stable producing cell lines, and ACHE was expressed as
a secreted soluble enzyme in serum-free media (21). Mutant enzymes
were generated by standard mutagenesis procedures, and cassettes
containing the mutation were subeloned into pCDNAS3 (21). Nucleotide
sequences of the cassettes were confirmed by double-stranded sequenc-
ing to ensure that spurious mutations were not introduced. Affinity
chromatography permitted one-step purification of AChE. From 4-8
liters of media, mutant and wild type enzyme were purified in quanti-
ties ranging between 5 and 25 mg, as previously described (22-24).
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Purity was ascertained by SDS-PAGE and by specific activity determi-
nation. The cysteine-substituted enzymes show kinetics of acetylcholine
hydrolysis similar to wild type enzyme (11).

Acrylodan Labeling—Mutant enzymes were pretreated with 0.25
mM dithiothreitol for 30 min at room temperature to ensure reduction
of the introduced cysteine. Excess dithiothreitol was removed by use
of a G-50 Sephadex spin column (Roche Molecular Biochemicals)
equilibrated in 10 mm Tris-HCl, 100 mm NaCl, 40 mm MgCl,, pH 8.0.
Conditions for acrylodan labeling and stoichiometry estimates have
been described previously (11). Stoichiometry of labeling of the vari-
ous preparations, estimated from a comparison of enzyme concentra-
tion by protein (280 nm) to acrylodan (360-380 nm) absorbance,
ranged as follows: L76C, 0.7-1.0; E81C, 0.77-1.0; E84C, 0.77-1.0;
Y124C, 0.78-1.0; A262C, 0.69-0.92; and H287C, 0.78-1.0. Specific-
ity of labeling was assessed by comparison of areas under the fluo-
rescence emission curves for acrylodan-treated mutant and wild type
enzymes. Specific labeling for each mutant was: L76C, 72-85%;
E81C, 81-92%; E84C, 85-93%; Y124C, 83-92%; A262C, 77-93%;
H287C, 70-82%.

Enzyme Inhibition—Picomolar concentrations of enzymé in 0.01%
bovine serum albumin and 0.1 M sodium phosphate buffer, pH 7.0, were
reacted with covalent inhibitor in the absence of substrate at 25 °C.
Typically, four inhibitor concentrations were used. Inhibition was mon-
itored by measuring residual enzyme activity by removal of aliquots
during the course of the reaction. Bimolecular rate constants (k;) were
determined by the plot of pseudo first order rate constant (k,,,) against
inhibitor concentration (25).

Spectrofluorometric Assays—Steady state emission specira were
measured at room temperature using a Jobin Yvon/Spex FlusroMax IT
spectrofluorometer (Instrument S.A., Inc., Edison, NJ) with the excita-
tion and emission bandwidths set at 5 nm. The excitation wavelength
for acrylodan was set at 359 nm, and emission was monitored between
420 and 600 nm. Spectral changes in the presence of irreversible inhib-
itors were determined by allowing the reaction of the acrylodan-labeled
enzymes to proceed until 299% inhibition was achieved. In the case of
inhibitors with chromogenic leaving groups, the inhibited enzyme was
passed through a G-50 Sephadex spin column (Roche Molecular Bio-
chemicals) to remove the leaving group. Quantum yield changes in
presence of MEPQ and paraoxon were determined by measuring the
concentration of labeled enzyme by tryptophan emission and area of
acrylodan fluorescence emission curve before and after organophos-
phate conjugation. Association of echothiophate and neostigmine with
acrylodan-labeled E81C and E84C was assessed from the kinetics of
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TasLe 1
Bimolecular rate constants for reaction of wild type and mutated AChE with echothiophate, neostigmine, and rivastigmine in the
presence and absence of fluorescent (acrylodan) labeling
Data shown as means * standard deviation typically from three experiments. WT, wild type.

Echothiophate Neostigmine Rivastigmine
Enzvme
ki ki,\VT/ki. mutant ki ki,\VT*/ki, mutant ki k[.WT/ki. mutant
107w 'min~! 107w min~? 107 s min !
Wild type” 235 = 17 5717 372+ 8
E81C 199 = 14 1.2 566 = 8 1 372 %2 1
E81C-acrylodan® 71 % 10 3.3 134 £ 19 4.3 98 = 8 3.8
E84C” 86 x4 2.7 175+ 3 3.3 95 =6 3.9
E84C-acrylodan® 48:+0.2 50 15 + 04 39 904 41
¢ Kinetic constants derived from measurements of inhibition of acetylthiocholine catalysis.
* Kinetic constants derived from intensity of the fluorescence signals.
change in fluorescence at 470 and 477 nm, respectively, following ad- = 1.5
dition of a stoichiometric excess of inhibitor at several concentrations. 2 A 4770m
Data were fitted to a single exponential approach to equilibrium. Bi- © 1.25-
molecular rate constants (k;) were determined by the plot of pseudo first =1 :
order rate constant (k) against inhibitor concentration (25). Asso- g
ciation of rivastigmine with acrylodan-labeled E81C was monitored - 1.0
from the kinetics of the increase in fluorescence at 460 nm. To ensure g
the observed change in fluorescence upon rivastigmine association = 0.75- 494nm
was caused by carbamoylation and not reversible binding of rivastig- "; .
mine, the enzyme was reacted with the fluorescent carbamoylating g
agent, M7C, to ascertain the concentration of residual reactive 3 0.5
serines (26). 3
1 ¥}
= 4
RESULTS 5 02
Kinetics of Organophosphorate and Carbamate Inhibi-

tion—We determined the bimolecular rate constants (k) for
echothiophate, neostigmine, and rivastigmine with unmodified
and modified mAChE (Table I). For the wild type, E81C, and
E84C mutant enzymes, the constants (k;) were obtained from
measurements of enzyme activity, whereas changes in fluores-
cent signal were used fo monitor reaction with the acrylodan-
modified enzyme. A typical example of monitoring of the fluo-
rescence change is shown in Fig. 2. The data in Table I show
that substitution of cysteine at the 81-position does not affect
the carbamoylation and phosphorylation rates, whereas the
modification at the 84-position causes a 3-4-fold reduction in
rate. Upon modification of the introduced cysteine with acryl-
odan, reaction rates are reduced 3—4-fold compared with wild
type following conjugation at the 81-position, whereas the re-
duction is 40-50-fold upon conjugation at the 84-position. It is
important to note that the magnitude of these reductions in
carbamoylation or phosphorylation rates by mutation and con-
jugation at each position is nearly the same, despite the inhib-
itors differing in their reactivity by a few orders of magnitude.
In the case of rivastigmine, we measured the reaction rates by
competition with excess M7C (26) and achieved similar kinetics
of inhibition. This indicates that the spectral shift produced by
rivastigmine likely reflects a conformational change induced by
progressive carbamoylation rather than formation of a revers-
ible complex.

Effect of Achiral Organophosphorates on Acrylodan Emission
Spectra—Organophosphates readily phosphorylate the active
site serine (27), presumably generating a pentavalent trigonal
bipyramidal intermediate before dissociation of leaving group.
The resulting phosphorylated complex resembles the tetrahe-
dral transition states of acylation and deacylation of the trigo-
nal esters. The diethylphosphoryl conjugate at the active site
serine formed by reaction with echothiophate produces very
little perturbation at positions 76, 262, and 287, consistent
with their positions being well removed from the phosphoryla-
tion site (Table II). A bathochromic emission shift is observed
at position 84, although of smaller magnitude when compared
with the shift induced by other ligands (Tables II-V). Interest-
ingly, large hypsochromic shifts and enhancements of quantum
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Fic. 2. Association of echothiophate with E84C acrylodan-
modified AChE. Panel A, fluorescence emission spectra of acrylodan-
labeled E84C AChOE following addition of excess echothiophate. Echo-
thiophate forms the diethylphosphoryl enzyme leading to a
bathochromic shift and reduction of fluorescence quantum yield. Excess
echothiophate (2 um) was added to 94 nm AChE, and fluorescence
spectra were taken at following time points: 0, 1, 11, 26, and 43 min.
Panel B, time course of the fluorescence changes. Initial E84C acrylo-
dan-modified AChE concentration was 190 nM. Excess echothiophate
was added, and decrease in fluorescence signal at 477 nm was moni-
tored using an ISA Jobin Yvon-Spex Fluoromax fluorometer. The three
echothiophate concentrations were 3.5 (¥), 5.0 (@), and 8.0 (A) uM.
Control enzyme samples, to which buffer rather than echothiophate
was added, did not show decreases in fluorescence emission over the
time intervals measured.

yield are observed at positions 81 and 124. This pattern ap-
pears to be unusual, because the reversible active center -
gands studied previously (11) and the dimethylphosphoryl con-
jugate formed from DDVP, which yields a phosphoryl serine
with one methylene group shorter than echothiophate, confer
little shift at position 124 and a large bathochromic shift at
position 81.
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TarLE 1T
Effect of organophosphorates on fluorescence emission parameters of mouse AChE mutants labeled with acrylodan
Data are shown as mean values of at least three determinations. Relative quantum yields were determined by comparison of areas of the
fluorescence emission curves between control and nonaged phosphorylated AChE. Positive chromic shifts denote bathochromic shifts, whereas
negative chromic shifts denote hypsochromic shifts.
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iﬁ | ﬂ ll
o G o \ CyHCO™™ ™~
HEO™/ SouH=C0,  HOMOOY scronpiong, ST (el F
H:,co/ ‘ H3CHZCC{ 2CHA (CHals HaCH,CO (H;C),HCE
NO,
DDV Echothiophate Paraoxon 2 DFP
Chromic Relative Chromic Relative Chomic Relative Chromic Relative
Enzyme Shift Quantum Yield Shift Quantum Yield Shift Quantum Yield Shift Quantum Yield
mm an nm nm
176C -2 4.75 0 197 -5 10 -5 1.01
E8IC 21 419 <12 111 -12 1.06 -14 147
E84C 19 0.39 17 0.73 15 1.56 18 0.84
Yi24C -4 127 -19 1.27 ~19 1.2 -10 122
A262C [ 057 0 0.98 0 1.0 0 0.99
H287C ] 1.03 -1 101 0 1.0 -3 092
“ Data from Ref. 11.
Tasre IIT

Effect of organophosphonates on fluorescence emission parameters of mouse AChE mutants labeled with acrylodan

Data are shown as mean values of at least three determinations. Relative quantum yields were determined by comparison of areas of the
fluorescence emission curves between control and nonaged phosphonylated AChE. The fluorescence emission spectrum of (R )-DMBMP conjugate
with E81C is shown in Fig. 3.

o] G
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P
/ \ o e HaG -Gl GO0
Hy CHZCOH;C C“ or / SSCHCHN(CHy)s l TNSCHCHNCHYy H;c‘./ MSscmorion,
MEPQ o s $ iPEMP s,, CHMP S, DMBMP
Chromie Relative Chromic Relative Chromic Relative Chromic Relative
Enzyme Shift Quantum Yield Shift Quantum Yield Shift Quantum Yield Shift Quantum Yield
nm nHL nm 1843

L76C -5 .94 3 .94 4 0.90 4 093
E81C 4 0.88 11 0.96 21 0.78 21 0.80
B84C i% (.59 23 0.75 30 0.52 27 0.52
Y124C ~11 1.07 0 0.94 0 0.80 5 0.80
A262C 0 1.0 0 0.97 ] 0.97 0 097
H287C 0 1.0 Y] 1.09 -2 1.02 0 097

TasLE IV
Effect of carbamates on fluorescence emission parameters of mouse AChE mutants labeled with acrylodan -
Data are shown as mean values of at least three determinations. Relative quantum yields were determined by comparison of areas of the

fluorescence emission curves.
o CHy
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HyCo l’fsc\? W CH,
N CHs HC O CHs CHy
Physostigmine Neostigniine Rivastigmine
Enzyme  Chromic Shift Re]ative'Quamum Chrordc Shift Reiative’Qaanmm Chromic Shift Reiativeruanmm
i Yield Yield Yield

nn Hm nm
L76C 0 1.00 Q 1.00 g 1.00
£81C 0 1.09 7 1.12 -30. 1.56
E84C 18 0.79 23 0.70 20 0.72
Y124C 7 1.20 -4 1.21 -4 1.04
A262C 0 1.00 0 1.00 g 1.00
H287C 0 099 0 0.99 4 1.03

To confirm that the chromic shift is a result of conjugation
of diethylphosphoryl group, not the retention of the thiocho-
line leaving group in the gorge, we examined the effect of
paragxon conjugation on chromiec shift. Following reaction

with the active site serine, paraoxon produces the same di-
ethylphosphoryl conjugate as echothiophate. However, its
leaving group is a neutral aromatic moiety rather than the
cationic moiety of echothiophate. Because a similar spectral




Ligand-specific Conformation of Acetylcholinesterase

43305

TaBlE V
Fluorescence emission parameters of mouse ACLE mutants labeled with acrylodan

Data are shown as mean values of at least three determinations. Chromic shifts were determined by comparison of fluorescence emission

maximum between control and covalently modified AChE.

Acrylodan Chromic Shift {nim}

Acrylodan  Ethylmethy! Ethylmethyl Diethy! Diisopropyl Saturating
Enzyme Emission  Carbamoy!  Carbamoyl Conjugate  Phosphoryl Conjugate  Fhosphoryl Conjugate  Fasciculin
Maxima Conjugate + Fasciculin + Fasciculin + Fasciculin Aloner
L76C 505 0 0 4 0 9
E81C 489 -30 21 2 21 21
E84C 477 Pt} 35 35 35 35
YiaC 500 -4 ~27 -33 -33 -23
A262C 517 0 0 Y o 0
H287C 524 G -17 -17 -17 <17
? Data from Ref. 11.

shift follows paraoxon conjugation, the conformational P

change is induced by the conjugated phosphorate, rather ,.U

than being influenced by binding of residual leaving group. o S5 g anon,

If we extend additional methylene units to the diisopropyl
phosphoryl conjugate formed by DFP, we observe a chromic
shifts at the 81- and 84-positions similar to the diethylphos-
phoryl conjugate. However, the hypsochromic shift at the 124-
position becomes slightly smaller for the diisopropyl phospho-
ryl conjugate. Measurements were made immediately after
reaction to preclude aging (i.e. spontaneous loss of an alkoxy
moiety rendering an anionic conjugate) of the diisopropy! phos-
phoryl moiety (28).

Effect of Chiral Organophosphonates on Acrylodan Emission
Spectra—To compare phosphoryl and phosphonyl conjugates of
similar dimensions, racemic MEPQ was used to generate an
ethyl methylphosphonyl conjugate. Kinetic studies show an
enantiomeric preference of MEPQ, where presumably the
S, enantiomer reacts ~10-fold faster than the R, enantiomer.?
Hence, reaction with a stoichiometric excess of MEPQ should
ensure one enantiomer covalently reacts preferentially with
the enzyme. No discernable emission changes are observed at
residues 262 and 287. Similar to DDVP, a bathochromic shift is
observed for acrylodan at both positions 81 and 84. A moderate
hypsochromic shift is observed at the 124-position, and very
small change at the 76-position.

Table IIT also shows the changes in acrylodan emission for a
series of S, methylphosphonates with increasing alkoxy sub-
stituent dimensions. Because the absolute stereochemistry of
the methylphosphonates is known (29), the chiral S, meth-
ylphosphonates will direct their phosphonyl oxygen toward the
oxyanion hole, the small methylphosphonyl moiety will be di-
rected to the acyl pocket, and the more bulky alkoxy group
directed to choline binding site (30). For the three S, enanti-
omers, very little or no change in emission maxima for acrylo-
dan at positions 124, 262, and 287 is discerned. Similar to
reversible active site ligands that interact with choline binding
site (11), bathochromic shifts are observed at the Q loop posi-
tions with the largest shift at E84C, an intermediate value at
E81C, and only small change at L76C. The ethyl methylphos-
phonyl conjugate, which contains the smallest alkoxy moiety
among S, conjugates, induces the smallest bathochromic shift
at the 81- and 84-positions.

R, alkyl methylphosphonates react far more slowly with the
enzyme than the S enantiomers (30), and we use formation of
the (R,)-3,3-dimethylbutyl methylphosphonyl enzyme as an
example. Formation of initial reversible complex can be de-
tected by an immediate reduction in quantum yield of acrylo-

2 Z. Radié¢, unpublished observation.

HC-G—HOH GO
o,

R,-DMBMP-TCh

Fluorescence Intensity (107 cps)

400 420 440 460 430 500 520 540 560 580 600
Wavelength (nm)

FiG. 3. Fluorescence emission spectra of acrylodan-labeled
E81C AChE following addition of (R )-dimethylbutyl meth-
vlphosphonothiocholine (R,-DMBMP-TCh). We observed a reduc-
tion in quantum yield immediately following addition of (R )-DMBMP-
TCh, followed by a progressive hypsochromic shift and enhancement in
quantum yield. Equivalent concentrations of enzyme (300 nMm) were
present for all measurements. A stoichiometric amount of (R))-
DMBMP-TCh (340 nM) was added, and fluorescence spectrum was
taken at following time points: 0, 1, 2, 8, 20, 53, 74, 89, 100, 115, and 150
min. The large shift for E81C reveals a iscemissive point at 510 nm,
indicative of two (reversible DMBMP-TCh . . . AChE complex and con-
jugated DMBMP-AChE) discrete species in the progressive reaction.
Acrylodan-labeled E81C AChE free in solution (solid line), reversibly
bound with (R )-DMBMP-TCh (dashed line), and covalently conjugated
DMBMP-AChE (dotted line). (R,)-DMBMP-AChE yields an emission
maximum of 459 nm, a difference of 51 nm from the (S,)-DMBMP-
AChHE (Table III).

dan at 81 with little change in emission maximum (Fig. 3). This
is followed by a progressive hypsochromic shift that reflects the
covalent reaction with the active center serine. The isoemissive
point at 510 nm, evident through the course of the slow reac-
tion, likely reflects the presence of two species (i.e. the revers-
ible DMBMP-TCh... AChE complex and the conjugated
DMBMP-AChE being the dominant species in the progressive
reaction). The resulting hypsochromie shift of conjugated acry-
lodan to 459 nm markedly contrasts with the §, enantiomer
with its bathochromic shift in emission spectrum. These two
enantiomers provide the critical clue for linking fluorescence
emission maxima at the 81-position to the characteristics of
structural perturbations of the  loop.

Effect of Carbamates on Acrylodan Emission Spectra—For-
mation of a carbamoyl serine conjugate of AChE affords an
alternative means for forming a relatively stable modified en-
zyme conjugate (27). Kinetic studies and crystallographic evi-
dence show the carbamoyl oxygen of the covalent conjugate
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directed toward the oxyanion hole, and the alkyl carbamoyl
group pointing toward the acyl pocket (25, 31, 32). Similar to
the tetrahedral phosphoryl and phosphonyl conjugates, the
trigonal carbamoylated enzymes produce very little perturba-
tion at positions 76, 262, and 287 (Table IV). The monomethyl
(physostigmine), dimethyl (neostigmine), and ethylmethyl (xi-
vastigmine) carbamoyl conjugates all produce a small hypso-
chromic shift and enhancement in acrylodan quantum yield at
residue 124. All carbamates, similar to the organophosphates,
produce 18-23-nm bathochromic shifts and decreases in quan-
tum yield at position 84. Consistent with the organophosphate
series, dimethylcarbamoyl AChE formed from neostigmine and
ethylmethylcarbamoyl AChE formed from rivastigmine both
produce significant hypsochromic shifts of acrylodan conju-
gated at position 81. The smaller methylcarbamoyl modifica-
tion produces little change in E81C spectrum.

Influence of Fasciculin Capping on the Spectrum of Phospho-
rylated and Carbamoylated AChEs—Because fasciculin is
known to interact at the rim of the active center gorge of AChE
(33-35) and can cap the gorge with a conjugated ligand at the
base of the gorge (26, 36), we examined the acrylodan spectra of
the conjugated enzymes after fasciculin addition. Here again,
the most informative position to analyze is 81. Irrespective of
whether conjugation at the active center causes a hypsochro-
mic or bathochromic shift, the fasciculin complex yields an
emission maximum of 510 nm (Table V, Fig. 4). Thus, fasciculin
association dominates over the conformational changes in-
duced by the phosphorylating or carbamoylating agents at the
active center of AChE.

Effect of the Peripheral Site Inhibitor, Gallamine, on Acrylo-
dan Emission—Similar to fasciculin (11), addition of gallamine
produces substantial hypsochromic shifts and enhancements in
quantum yield with acrylodan conjugated at both the 124- and
287-positions, and a change of smaller magnitude at 76-posi-
tion (Tables V and VI). This reflects an increase in hydropho-
bicity experienced by the conjugated fluorophores at the gorge
entry upon gallamine binding. Addition of gallamine produces
bathochromic shifts of 9 nm at position 84 and 14 nm at
position 81. Compared with other AChE inhibitors, whether
reversible or covalent, gallamine produces the smallest batho-
chromic shift seen at residue 84 (Tables 1I-V1).

DISCUSSION

We have used a structure-based approach to design a biosen-
sor that responds to phosphorylation and carbamoylation of
mAChE. Site-directed placement of an environmentally sensi-
tive fluorophore, acrylodan, offers a sensor that not only re-
sponds to covalent conjugation of AChE, but also distinguighes
AChE inhibitors based on chirality and molecular dimensions.
Because the crystallographic structures (15-18) and the steady
state kinetic studies (19, 20) have not revealed conformational
changes in the £} loop, studies that employ physical parameters
to measure conformation in solution take on increased
significance.

Acrylodan is known to show large Stokes shifts with differ-
ences in dielectric constant of the solvent. This presumably
results from its excited state exhibiting an increased dipole
moment that, in turn, is stabilized by solvents of higher dielec-
tric constant (12-14). The increase in the emission maxima
(bathochromic shift) likely reflects the acrylodan side chain
becoming exposed to the solvent.

Q) Loop Substitutions at 81 and 84—We previously showed
large bathochromic shifts for acrylodan side chains at 81 and
84 upon association of reversible active site ligands. Both of
these residues are well removed from the active center serine
(Fig. 1) and should be influenced only allosterically by the
bound or conjugated ligand at the active center. We have at-
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Tasre VI
Effect of gallamine on fluorescence emission parameters of mouse
ACKE mutants labeled with acrylodan

Data are shown as mean values of at least three determinations.
Relative quantum yields were determined by comparison of areas of the
fluorescence emission curves.

O—(CH,N'(CHe)
Acrylodan Emission Maxima (nm) (;[o—(cnm—w(wsh

Q,
N(CHR N (Mg

. . Relative
No Saturatin: Chromic

Enzyme  Goamine  Gallaming  Shit | Quantum

Yield
L76C 505 501 -4 1.20
E81C 489 503 14 0.78
E84C 477 486 9 0.69
Y124C 500 475 -25 119
A262C 517 517 0 0.98
H287C 524 510 -14 177

tributed the enhanced solvent exposure to increased strain on
the () loop resulting from ligand-induced closure of the gorge
(11). However, the differences we see here between acrylodan
labeling at the 84- and 81-positions suggest a greater degree of
conformational flexibility in the ) loop than can be ascribed
simply to two conformational states.

Catalytic and inhibition parameters are differentially af-
fected by cysteine substitution and acrylodan modification at
the 81- and 84-positions. Our previous studies showed that
substitution of cysteine at 84 had a greater effect on steady
state catalytic parameters than the substitution at 81. Never-
theless, considering that AChE is highly refined for catalytic
efficiency and the catalytic enhancement over H,O catalysis of
the ester is ~10%*-fold (3), the acrylodan-substituted enzymes
remain highly efficient. Moreover, the magnitude of the reduc-
tion in phosphorylation or carbamoylation rate resulting from
acrylodan conjugation appears to be independent of the reac-
tivity of the carbamoylating or phosphorylating agent (Table I).

The analysis of the changes in emission maxima at the
84-position show that all conjugating ligands and peripheral
site ligands (Tables II-VI) induce a bathochromic shiff in emis-
sion similar to ligands that bind reversibly at the choline sub-
site of the active center. Hence, all ligands appear to enhance
solvent exposure of the acrylodan side chain at the 84-position.
An ordering of the emission maxima at the 84-position for the
8, methylphosphonyl enzymes shows the greatest shift with
the larger ligands. This trend is also evident for S, methylphos-
phonyl conjugates at the 81-position. Thus, if the magnitude of
the shift reflects fractional gorge opening and closing, then the
larger ligands promote gorge closure or shift the equilibrium of
conformations toward a closed gorge state.

The spectral changes seen at the 81-position appear to be the
most discriminating with respect to the conjugated ligand, and
here our structure-activity analysis reveals a clear trend. Li-
gands that conjugate to the active center serine and have the
appropriate dimensions or chirality so as to fit into and not
perturb the acyl pocket all cause bathochromie shifts in emis-
sion spectrum. This applies to the dimethylphosphoryl conju-
gate, all of the S, methylphosphonyl conjugates and perhaps to
the methylcarbamoyl conjugate. It should be noted that all of
these compounds would allow for insertion of the phosphoryl
and carbamoy! oxygen in the oxyanion hole formed by hydrogen
bonds donors from amide backbone hydrogens at Giy'®!
Gly'?2, and Ala®** without deforming the acyl pocket (31).

By contrast, the diethyl and diisopropy! phosphoryl conju-
gates and the corresponding R, phosphonyl-AChE derivatives
cannot stabilize their phosphoryl or phosphonyl oxygen in the
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oxyanion hole unless the alkoxy moiety perturbs or moves out of
the acyl pocket. Direct evidence for this comes from the crystal-
lographic structure of the DFP-AChE that reveals significant
perturbation of the two phenylalanines in the acyl pocket (18).

Additionally, long-standing prior investigations of substrate
and inhibitor specificity permit a similar deduction. Over 50
years ago, Augustinsson (36) found that propionylcholine is an
effective substrate for AChE, whereas butyrylcholine is not.
This finding, when viewed with contemporary structures, sug-
gests that the limits of acyl pocket tolerance occur at the
propionyl to butyryl juncture. Thus, a dimethylphosphoryl con-
jugate would extend linearly from the serine hydroxyl a similar
distance to the transition state for formation of propionyl ser-
ine. A diethylphosphoryl conjugate would have dimensions
similar to the transition state for butyryl serine. A methylcar-
bamoyl chain would also be similar to the propionyl fits,
whereas the dimethyl or ethylmethyl amino substitutions
would impart additional steric constraints (32). Likewise, other
early studies showed that associations of reversible inhibitors
to AChE conjugated with phosphorylating or sulfonylating
agents were unimpeded with smaller modifying groups, but
sterically hindered with larger modifying groups (37, 38).

The limitations on acyl pocket dimensions position the con-
jugated ligand to alter potentially both the acyl pocket loop
defined by residues Trp®°-Ser?®® (39) and the neighboring
loop Cys®*-Cys®. Constraints on acyl pocket dimensions ap-
pear to affect conformation of both loops. Direct perturbation of
the acyl pocket side-chain positions have been observed with
DFP conjugation and the formation of its aged produet (18).
Additionally, by not fitting in the acyl pocket, the conjugated
alkyl groups will reside elsewhere in the gorge, therein influ-
encing Q loop conformation and the extent of gorge closure as
we observed for the side-chain 81-position. Morel and collabo-
rators (39) have proposed various cross-gorge interconnectivi-
ties of side chains based on mutagenesis and thermal denatur-
ation experiments.

Residues in the Active Center Gorge in Apposition to the €
Loop—Residues 124 and 287 lie across the gorge from the O
loop with H287C at the rim of the gorge and Y124C, residing
below the rim and within the gorge interior (Fig. 1). We previ-
ously showed a lack of spectral shift at 124 and 287 sites with
binding of reversible active site inhibitors (11). Residue 287 is
also not affected by any of the conjugating inhibitors. Similar to
these reversible active site inhibitors, the larger chiral S, or-
ganophosphonates produce little change in acrylodan emission
maxima at the 124-position. By contrast, echothiophate, para-
oxon, DFP, and MEPQ all cause a substantial hypsochromic
shift and enhancement in quantum yield. Because of the small
size of these alkyl moieties in phosphoryl or phosphonyl deriv-
atives, they are unlikely to interact directly with 124, although
they may affect solvent structure in the gorge. An increase of
one methylene unit in phosphoryl conjugate from dimeth-
ylphosphoryl (DDVP) to diethylphosphoryl (echothiophate and
paraoxon) gives a spectral change suggestive of solvent exclu-
sion around the 124-position. A much smaller but clear hypso-
chromic shift is observed for carbamates, perhaps reflecting the
different geometry in which the carbamoyl moieties position
themselves in the gorge.

Interpretation of the basis of the changes in emission for
acrylodan at the 124-position is likely to be complicated by
three imposing factors. First, acrylodan at the 124-position can
be expected to reside well within the gorge and ligands affect-
ing H,O structure in the gorge may affect its environment.
Second, this side chain could be influenced by ligands occu-
pying the oxyanion hole formed in part by amide hydrogen
donors from Gly'?! and Gly*?2. Third, perturbation of the acyl
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pocket may indirectly influence the position of the position
124 residue. The crystallographic structure of aged DFP con-
jugate reveals that the isopropyl group of DFP causes a
displacement of acyl pocket loop that includes peripheral site
residue Trp?®6 (18). Although Tyr*?? is not an acyl pocket loop
residue, it is in close apposition with Trp2®%. Similar to DFP,
the ethyl group of echothiophate and paraoxon could also
cause a movement in the acyl pocket loop (Trp?¢—Ser2°®),
This conformational change coupled with solvent exclusion
upon ligand binding may lead to the substantial hypsochro-
mic shift and enhancement of quantum yield at the
124-position.

Allosteric Effect of Peripheral Site Inhibitors—Gallamine, a
tris-quaternary ligand that binds at the peripheral site, in-
duces a distinctive hypsochromic shift at the 124- and 287-
positions. This pattern correlates remarkably with the first
series of peripheral site ligand complexed mAChE solved re-
cently (40). The crystallographic structure shows the aromatic
pyrogallol moiety of gallamine in 77 stacking interaction with
Trp?®%, and van der Waals contact with Tyr'2%, Furthermore,
bathochromie shifts observed at the 81- and 84-positions reflect
a linkage between the binding at the peripheral site and allos-
teric conformational change in the ) loop.

The marked decrease in fluorescence intensity and batho-
chromic shifts at the position 81 and 84 residues seen with
fasciculin capping of covalently modified enzymes reveal a dis-
tinct conformation that the Q loop adopts in fasciculin-AChE
complex when compared with the various serine-modified en-
zymes. The dominance of conformation change induced by fas-
ciculin binding likely reflects the large molecular dimensions of
the peptidic toxin. When bound, ~30% of the fasciculin mole-
cule is buried in the complex, giving rise to a van der Waals
contact area of 1100 A (9).

Acrylodan-conjugated Enzyme as a Biosensor for Inactiva-
tion of Acetylcholinesterase—The surprisingly large and dis-
criminating spectral shifts produced by close congeners of the
organophosphates offer an opportunity for detection of organ-
ophosphate or carbamate exposure. With the fluorophore in-
trinsically conjugated to the protein target, reagent addition is
not required for detection. Remote sensing of organophosphate
exposure would be particularly valuable for oxon forms of the
organophosphate insecticides (malathion, parathion, diazonin,
and chlorpyrifos) that react directly with AChE as well as the
more insidious nerve agents (sarin, soman, VX, cyclosarin, and
tabun), where cumulative conjugation could be monitored (2,
41, 42). Moreover, by using multiple wavelength detection, the
individual inhibitors can be distinguished. For example, mal-
oxon and methylparaoxon forming the dimethylphosphoryl en-
zyme can be distinguished from paraoxon and chlorpyrifos oxon
using dual detection at 510 and 477 nm for acrylodan conju-
gated at the 81-position. Inhibitions by R, and S, dimethylbu-
tyl methylphosphonates yield conjugates that show emission
maxima at 459 and 510 nm, respectively. The S, methylphos-
phonates show smaller differences in fluorescence emission
between them, but monitoring a combination of site-directed
acrylodan-modified AChEs may distinguish individual meth-
ylphosphonate conjugates.
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We have used a combination of cysteine substitution
mutagenesis and site-specific labeling to characterize
the structural dynamics of mouse acetylcholinesterase
(mACHE). Six cysteine-substituted sites of mAChE
(Leu’®, Glu®, Glu®, Tyr'?, Ala®®?, and His*®*") were la-
beled with the environmentally sensitive fluorophore,
acrylodan, and the kinetics of substrate hydrolysis and
inhibitor association were examined along with spectro-
scopic characteristics of the acrylodan-conjugated, cys-
teine-substituted enzymes. Residue 262, being well re-
moved from the active center, appears unaffected by
inhibitor binding. Following the binding of ligand, hyp-
sochromic shifts in emission of acrylodan at residues
124 and 287, located near the perimeter of the gorge,
reflect the exclusion of solvent and a hydrophobic envi-
ronment created by the associated ligand. By contrast,
the bathochromic shifts upon inhibitor binding seen for
acrylodan conjugated to three omega loop ({} loop) res-
idues 76, 81, and 84 reveal that the acrylodan side chains
at these positions are displaced from a hydrophobic en-
vironment and become exposed to solvent. The magni-
tude of fluorescence emission shift is largest at position
84 and smallest at position 76, indicating that a con-
certed movement of residues on the ) loop accompanies
gorge closure upon ligand binding. Acrylodan modifica-
tion of substituted cysteine at position 84 reduces ligand
binding and steady-state kinetic parameters between 1
and 2 orders of magnitude, but a similar substitution at
position 81 only minimally alters the kinetics. Thus,
combined kinetic and spectroscopic analyses provide
strong evidence that conformational changes of the
loop accompany ligand binding.

Acetylcholinesterase (AChE),! a serine hydrolase in the o/B-
fold hydrolase protein superfamily (1), terminates nerve sig-
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nals by catalyzing hydrolysis of the neurotransmitter acetyl-
choline at a diffusion limited rate (2, 3). The crystallographic
structure of mouse AChE reveals a catalytic triad (Ser?®3,
Glu?*, and His*'") located at the bottom of a narrow active site
gorge 20 A in depth (4-6). Because the cross-section of the
physiological substrate acetylcholine is larger than the narrow-
est part of the gorge, the remarkably high turnover rate of
ACHE raises questions regarding substrate access to the cata-
Iytic site.

Molecular dynamic simulations suggest that rapid fluctua-
tions of gorge width combined with diffusion facilitated by
electrostatic forces could enhance substrate accessibility (7-
10). In addition, the high affinity and slowly dissociating com-
plex of fasciculin and AChE retains slight residual catalytic
activity (11, 12), despite the occlusion of the active site gorge by
fasciculin as shown in the crystal structures (5, 13, 14). Rapid
fluctuations in residues lining the gorge walls may leave tran-
sient gaps at the fasciculin-AChE interface and may account
for residual activity.

The large omega loop (Q loop), Cys®*-Cys®, flanking the
active site gorge in mouse AChE corresponds to the activation
loop of Cys®*~Cys® in Candida rugosa lipase, a related «/8-fold
hydrolase protein (15-17). Crystallographic studies of the
lipase revealed that the activation loop occludes the active
center in the absence of substrate but folds back in the presence
of lipid substrate allowing its access. Although kinetic and
structural studies of AChE have not revealed evidence for such
large substrate, induced lid-like movements (18, 19), high cat-
alytic turnover rates for the cholinesterases might indicate that
small amplitude motions along the Q loop allow rapid access of
incoming substrate and release of reaction product (19). To
elucidate the nature of the ligand-dependent conformational
changes of AChE, we have employed cysteine substitution mu-
tagenesis and gite-directed labeling with an environmentally
sensitive fluorophore, acrylodan. The emission spectrum and
quantum yield of the fluorophore are dependent on the effective
dielectric constant and thus reflect the degree of solvent expo-
sure and the local polarity experienced by the fluorophore (20).
For example, when acrylodan is conjugated to a cysteine lining
the gorge, upon fasciculin binding, it becomes sandwiched be-
tween the fasciculin loop and wall of the gorge, thereby becom-
ing protected from solvent (20).

To examine further the role of the { loop in ligand binding,
we have conjugated cysteines at various positions on the () loop
and opposing gorge wall. Six single cysteine mutants were
prepared for acrylodan conjugation (Fig. 1). Three were on the
0 loop as follows: L76C near the tip of the loop and E81C and
E84C on their outer surface not lining the gorge. Two residues
on the opposing face of the gorge H287C and Y124C were
selected, along with a distal residue A262C whose temperature
coefficient (B factor) would indicate flexible movement of an-

This paper is available on line at http://www.jhc.org
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¥16. 1. Locations of introduced cysteines for fluorophore modification. Residues 76, 81, and 84 are at the tip (76) and outer portion (81,
84) of the € loop. Residues 124 and 287 are on an opposing face of the gorge and make up part of the peripheral anionic site. Residue 262 is on
a peripheral disulfide loop and in the crystal has a large thermal factor. A-D, Connolly surface representations of structure. A, unliganded AChE
(6); B, TFK" conjugated with AChE; note partial exposure of the white molecule, TFK", at the base of the gorge (33); C, fasciculin 2 bound AChE
at the mouth of the gorge (5); D, fasciculin 2 complex with AChE, rotated 90°. Acrylodan conjugated to E84C is shown in yellow; and acrylodan
conjugated to E81C is shown in green. (Note in D the proximity between arginine 11 on Fas 2 and the acrylodan side chain at position 84).

other disulfide loop on which it resides (5, 6). We examined the
kinetics of substrate catalysis and inhibitor association with
the modified enzymes, and we correlate these kinetic parame-
ters with the spectroscopic changes in the conjugated acrylodan
upon ligand association. Fluorescence measurements reveal
changes in conformation reflected in the substituted side
chains well removed from the active center gorge. The results
suggest that ligand binding at the catalytic site allosterically
alters the conformation of a specific segment of the Q loop
whereby gorge closure occurs and residue side chain positions
distal to the binding site are affected.

EXPERIMENTAL PROCEDURES
Inhibitors and Substrates—Acetylthiocholine iodide, 5,5'-dithiobis(2-

‘nitrobenzoic acid) (Ellman’s reagent), dithiothreitol, tacrine (9-amino-

1,2,3,4-tetrahydroacridine hydrochloride hydrate), BW286¢51, deca-
methonium, and edrophonium were purchased from Sigma. m-(N,N,N-
trimethylammonio)trifluoromethylacetophenone (TFK') and (—)-hu-
perzine A were purchased from Calbiochem. Acrylodan was obtained
from Molecular Probes (Eugene, OR). Fasciculin 2 (purified from the
venom of Dendroaspis angusticeps) was a gift of Dr. Pascale Marchot
(University of Marseille, France). Drs. Yacov Ashani and Bhupendra P.

Doctor (Walter Reed Army Research Center, Washington, D. C.) kindly
provided 7-[[methylethoxy)phosphinyl}-oxyl}-1-methylquinolinium io-
dide (MEPQ) and procainamide-linked Sepharose CL-4B resin. m-tert-
Butyl trifluoromethylacetophenone (TFK®) was synthesized as de-
scribed (21) and kindly provided by Dr. Daniel Quinn, University of
Towa, Towa City, IA. All other chemicals were of the highest grade
commercially available.

Expression, Mutagenesis, and Purification of mAChE-—Mouse AChE
was produced by transfection of expression plasmid (pCDNAS, Invitro-
gen, San Diego, CA) containing an encoding ¢cDNA where the AChE
sequence was terminated at position 548. The plasmid was transfected
into HEK293 cells. Cells were selected with G418 to obtain stable
producing cell lines, and AChE was expressed as a secreted soluble
enzyme in serum-free media (20). Mutant enzymes were generated by
standard mutagenesis procedures, and cassettes containing the muta-
tion were subcloned into pCDNA 3 (20). Nucleotide sequences of the
cassettes were confirmed by double-stranded sequencing to ensure that
spurious mutations were not introduced into the coding sequence. Af-
finity chromatography using (m-aminophenyDirimethylammonium
linked through a long chain to Sepharose CL-4B resin (Sigma) permit-
ted one-step purification of AChE, From 4 to 6 liters of media, mutant
and wild type enzyme were purified in quantities ranging between 5
and 25 mg, as described previously (22-24). Purity was ascertained by
SDS-PAGE and by measurements of specific activity.




42198

Omega Loop of Acetylcholinesterase

TaslE I
Constants for acetylthiocholine hydrolysis by wild type and mutant mouse AChEs
Data shown as means + S.D. typically from three measurements. Data were fit to the Equation, v = (1 + b[S)/K3g)V /(1 + [SVE ) (1 + K, /ISD),
where [S] is substrate concentration, Kqq is the substrate inhibition or activation constant, and b is the relative catalytic turnover of the ternary

complex (12).

Enzyme K, Kgg b Reat Regntd Kn,
par ma 10° Imin 10°/a: - min
WT 54 + 16 14x5 0.2 = 0.07 16+ 0.4 3.0
Y124C* 65 = 17 20 = 14 0.2 * 0.09 1.4 +03 2.2
H287C" 58 =7 12+86 0.2 + 0.06 1802 3.1
A262C 59 &4 113 0.2 +0.04 1.6+0.1 2.7
L76C 97 = 19 171 0.2 = 0.03 1.8+01 1.9
E81C 576 11x1 0.2 = 0.03 1.6 0.1 29
E84C 190+ 9 26 = 2 0.2 = 0.05 1.9 0.4 1.0
“ Data are from Ref. 20.
Assay of Catalytic Activity—The spectrophotometric method of k
Ellman was used (25), and kinetic constants for acetylthiocholine hy- S + E —=— ES ..EL} E+P
drolysis were determined by fitting the observed rates as described (26).
Titration of active sites with known concentrations of the irreversible + +
phosphorylating agent, MEPQ, was accomplished by the method of
Levy and Ashani (27). S S
Acrylodan Labeling—Mutant enzymes were pretreated with 0.25 mm
dithiothreitol for 30 min at room temperature to ensure reduction of the K, K
introduced cysteine. Excess dithiothreitol was removed by use of a G-50 s s
Sephadex spin column (Roche Molecular Biochemicals) equilibrated in bk,
10 mu Tris, 100 mum NaCl, 40 mm MgCl,, pH 8.0. A volume of 1 ul of S + SE SES—™» SE + P

acrylodan at 100 times the enzyme concentration was slowly mixed
with the enzyme to achieve an ~5-fold molar excess of acrylodan to
mutant enzyme. Labeling was allowed to proceed for at least 12 h at
4 °C, and unreacted acrylodan was removed by size exclusion chroma-
tography using Sephadex G-25 (Amersham Pharmacia Biotech) in 0.1 M
sodium phosphate buffer, pH 7. Concentrations of acrylodan-labeled
enzyme were determined from the maximal acrylodan absorbance
found between 360 and 380 nm (e ~16,400 M~ em ™). Stoichiometry of
labeling of the various preparations, estimated from a comparison of
enzyme concentration by protein (280 nm) to acrylodan (360-380 nm)
absorbance, ranged as folows: L76C, 0.7-0.8; E81C, 0.79-1.0; E84C,
0.77-1.0; Y124C, 0.79-1.0; A262C, 0.69--0.85; and H287C, 0.82—0.88.
Specificity of labeling was assessed by comparison of areas under the
fluorescence emission curves for acrylodan-treated mutant and wild
type enzymes. Specific labeling for each mutant was as follows: L76C,
70-85%; E81C, 81-91%; E84C, 85-93%; Y124C, 83-90%; A262C, 80—
.90%; H287C, 70-76%.

Trifluoroacetophenone Inhibition—Picomolar amounts of enzyme in
0.01% bovine serum albumin in 0.1 M sodium phosphate buffer, pH 7.0,
were reacted with TFK" in the absence of substrate. Inhibition was
monitored by measuring residual enzyme activity by removal of ali-
quots during the course of the reaction. Bimolecular rate constants of
inhibition were determined by nonlinear fits of the data (28).

Spectrofluorometric Assays—Steady-state emission spectra were
measured at room temperature using a Jobin Yvon/Spex FluoroMax II
spectrofluorometer (Instrument S.A., Inc., Edison, NJ) with the excita-
tion and emission bandwidths set at 5 nm. The excitation wavelength
for acrylodan was set at 359 nm, and emission was monitored between
420 and 600 nm. Equilibrium dissociation constants, K, for BW286¢51
and edrophonium with the acrylodan-labeled enzyme were obtained by
titration of a fixed quantity of labeled enzyme (54120 nM) with various
concentrations of indicated inhibitors. K, values were obtained by mon-
itoring the fractional decrease in the total area under the fluorescence
emission curves from 420 to 600 nm for the acrylodan-labeled E84C or
a limited segment of the emission between 450 and 485 nm for the
acrylodan-labeled E81C, For ligands of high affinity such as BW286¢51,
where binding is nearly stoichiometric, data were fitted to Equation 1.

AF = AF, (E,+I,+ K, ((E,+1,+ K —4E I)°)2E)~" (Eq.1)

AF and AF_ . are the change and maximum change in fluorescence,
respectively; E, is the total enzyme concentration, and I, is the total
inhibitor concentration. Association of TFK* with acrylodan-labeled
E81C and E84C was assessed from the kinetics of decrease in fluores-
cence at 470 and 477 nm respectively, following addition of a stoichio-
metric excess TFK' at several concentrations. Data were fitted to a
single exponential approach to equilibrium.

Association and dissociation rate constants of edrophonium and
BW286¢51 with E81C and E84C AChEs were determined from changes
in the tryptophan fluorescence using a stopped-flow spectrophotometer

ScueME 1. In this scheme substrate can combine at two discrete sites
to form two binary complexes, ES and SE (where S is substrate; E is
enzyme; and P is product). Only ES results in substrate hydrolysis. For
simplicity, S is assumed to combine equally well with E and ES. The
efficiency of substrate hydrolysis of the ternary complex SES, as com-
pared with ES, is reflected in the value of the parameter, b, the relative
catalytic turnover of the ternary complex (26).

as described previously (29). Time-dependent decreases in tryptophan
fluorescence were observed upon excitation at 276 nm by means of a
305-nm emission cut-off filter.

RESULTS

Characterization of Substrate Hydrolysis and Fasciculin 2
Inhibition—The cysteine-substituted enzymes show kinetics of
acetylthiocholine hydrolysis similar to wild type enzyme (Table
I and Scheme 1) suggesting that all mutant enzymes fold cor-
rectly despite the presence of the newly introduced cysteine.
The K,, value of E84C shows slightly less than a 4-fold in-
crease, whereas the change in turnover rate, k., is minimal.
Similar changes in kinetic constants were observed previously
for E84Q mAChE (28). Since K, in diffusion limited catalysis,
depicts the initial encounter between substrate and enzyme, an
increase in K, likely arises from the reduction of negative
charge that electrostatically steers the cationic substrate into
the active center gorge. Interestingly, a similar E81C mutation
has little or no effect on substrate hydrolysis. Not all negatively
charged residues around the active center appear to be in-
volved equivalently in electrostatic steering.

Association and dissociation rates of fasciculin with A262C,
H287C, and Y124C mutant enzymes were also found to be close
to the rates with wild type enzyme (20). Fasciculin, at low
concentrations, is also capable of associating with the mutant
enzymes after acrylodan conjugation (Fig. 2). In addition, en-
zyme activity measurements of fasciculin-bound acrylodan con-
jugates show greater than 99% inhibition (data not shown).

Influence of Residue Modification on Inhibition by m-Tri-
methylammoniotrifluoromethylacetophenone—TFK'  binding
to cysteine-substituted enzymes, both free and modified with
acrylodan, was also examined (Table II). For E81C and E84C,
the association rate constants (k) for TFK* were obtained
from measurements of enzyme activity. Although positions 81
and 84 are both spatially removed from TFK " -binding site, &

on
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for E84C is slightly slower than that for wild type enzyme. By
contrast, E81C shows no difference in the kinetic constants.
Conjugation of acrylodan, a neutral naphthalene derivative,
with E84C reduces &, of TFK" 7-fold compared with unconju-
gated E84C, whereas conjugation of E81C with acrylodan only
reduces &, of TFK" slightly. For acrylodan-labeled mutants,
ko, was measured from the time-dependent decrease of fluo-
rescence signal (Fig. 3).

Influence of Residue Modification on Inhibition by Noncova-
lent Active Site Inhibitors—A similar trend in inhibition kinet-
ics was seen with noncovalent active site inhibitors such as
edrophonium and BW286¢51 (Table II). An increase over wild
type K, of 2-fold occurs for edrophonium binding to E84C, and
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FiG. 2. Fluorescence emission spectra of acrylodan-labeled
Y124C (A) and E84C (B) AChE free in solution (dashed line) and
complexed with faseieulin (solid line). A, for acrylodan-labeled
Y124C, fasciculin produces a hypsochromic shift and enhancement of
fluorescence quantum yield. The large shift for Y124C reveals a clear
iscemissive point indicative of the two (free and fasciculin bound) spe-
cies. Equivalent concentrations of enzyme (215 nM) were present for all
conditions. The concentration of fagciculin was 215 nm. B, for acrylodan
labeled E84C fasciculin produces a bathochromic shift and reduction of
fluorescence quantum yield. Equivalent concentrations of enzyme (270
nM) were present for all conditions. The concentration of fasciculin was
800 nn.
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an 18-fold increase in K, is observed for BW286c51 binding.
Similar increases in K, of edrophonium and BW286¢51 were
seen for E84Q human AChE (18). By comparison, E81C showed
no alterations in ligand binding constants. For acrylodan-la-
beled mutants, K; was measured from the fluorescence signals
of an equilibrium titration (Fig. 4). Acryledan-labeled E84C
shows K; increases of 10-fold for edrophonium and 3-fold for
BW286¢51 compared with unreacted E84C. For acrylodan-la-
beled E81C, only a slight increase in K, is seen for both ligands.
The high concentration of acrylodan-labeled E81C required for
equilibrium titrations precludes an accurate estimate of K; for
high affinity ligands such as BW286¢51.

Effect of Fasciculin on Acrylodan Fluorescence Emission—
The peptide toxin, fasciculin, inhibits AChE by tightly capping
the mouth of active center gorge (Fig. 1) (11, 30-32). Table 111
shows changes in emission maxima of acrylodan-labeled AChE
mutants in the presence of fasciculin. There is no discernible
change in fluorescence emission of acrylodan-conjugated
A262C (20), consistent with the position 262 being distal to the
fasciculin-binding site. The large hypsochromic shifts seen at
both the 124 and 287 positions reflect solvent exclusion and an
increase in hydrophobicity experienced by the fluorophores in
the gorge upon fasciculin binding (20). For the Q loop mutant,
1.76C, fasciculin binding produces a 40% increase in quantum
yield but no change in emission maximum. Bathochromic shifts
are found at both the 81 and 84 positions, with position 84
producing a shift of larger magnitude (Fig. 2 and Table III).

Effect of Covalently Conjugated Active Site Inhibitors on Ac-
rylodan Fluorescence Emission—Changes in emission maxima
of acrylodan-labeled AChE mutants in the presence of conju-
gating trifluoroacetophenones are shown in Table IV. The tri-
fluoroacetophenones inhibit the enzyme by conjugating to form
a hemiketal at active site serine without dissociation of leaving
group (33). Both the isosteric neutral and cationic trifluoro-
ketones (TFK® and TFK™) produced no discernible changes in
emission spectra of acrylodan conjugated at H287C and A262C,
consistent with a fluorophore position distant from gorge base
and henece not in direct contact with ligand. Remarkably, both
TFK® and TFK* produce a substantial bathochromic shift (at
least 30 nm) with acrylodan-E84C. The triflucroketones also
produce spectral shift of intermediate value (20 nm) for E81C
and a much smaller change (4~6 nm) for L76C. Interestingly,
neutral TFK® produces a large 22 nm of hypsochromic shift
with the Y124C acrylodan conjugate.

0,0-Dimethyl-O-(2,2-dichlorovinyl)phosphate, a small achiral
organophosphonate, phosphorylates the active site serine of
mAChE, with subsequent departure of the dichlorovinyloxy
group (34, 35). The small and symmetrical dimethyl phosphoryl
conjugate remaining at the active site serine might lead one to
suspect very little perturbation, if any at all, in fluorescence

TaBLE 1T
Kinetic and equilibrium constants for reaction of enzymes with TFK™, edrophonium, and BW284c51 in the presence and absence
of fluorescent (acrylodan) cysteine labeling compound
Data are shown as means from two to three measurements. Individual determinations are within 33% of the mean. Rates for TFK™ are calculated

based on ratios of the hydrated and unhydrated ketone (21).

TFK*

Edrophonium BW284c51
Enzyme Ron kon WT Ky K, mutant K, K,; mutant
ko, mutant K, WT K;WT
10° w7 min™! M nM

Wild type 150 2507 2.0°

E81C 150 1 2601’ 1 2.6° 1.3
E81C-acrylodan 94 1.6 640 2.6 6.9 3.5
E84C 93 1.6 550% 2.2 35¢ 18
E84C-acrylodan i3 11 6300 25 130 65

¢ Data are from Ref. 29.
% Equilibrium dissociation constants are derived from the ratio of & /&

on

using stopped-flow measurement of tryptophan fluorescence quenching.
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Fic. 3. Association of TFK* with E84C acrylodan-modified
AChE. A, fluorescence emission spectra of acrylodan-labeled E84C
AChE following addition of excess TFK*. TFK"* produces a bathochro-
mic shift and reduction of fluorescence quantum yield. The large chro-
mic shift reveals a clear isoemissive point indicative of the two (free and
TFK* bound) species. Initial enzyme concentration was 130 nM. Excess
TFK* (1.25 um) was added, and fluorescence spectra were recorded at
the following times: 0, 1, 2.5, 4.3, 5.8, 7.4, 10.6, and 22 min. B, time
course of the fluorescence changes. Initial E84C acrylodan-modified
ACHE concentration was 150 nM. Excess TFK™ was added, and decrease
in fluorescence signal at 477 nm was monitored using an ISA Jobin
Yvon-Spex Fluoromax fluorometer. The three TFK™ concentrations
were 1.25 (), 2.5 (@), and 5.0 (A) um. Control enzyme samples, to which
buffer rather than TFK* was added, did not show decreases in fluores-
cence signals over the time intervals measured. The inset shows rates
plotted as a function of TFK™ concentration. &, for TFK" is calculated
based on ratios of the hydrated and unhydrated ketone (21).

spectra. Indeed, acrylodan conjugated at positions 124, 262, and
287 showed very little or no change in spectrum. However, batho-
chromic shifts at positions 81 and 84 were observed, although of
smaller magnitude for E84C when compared with other ligands
(Table IV).

Effect of Noncovalent Active Site Inhibitors on Acrylodan
Fluorescence Emission—Noncovalent active site inhibitors,
such as edrophonium, tacrine, and huperzine, associate pri-
marily with the choline subsite at the base of active site gorge.
Crystal structures of inhibitors bound to Torpedo californica
ACHhE revealed that these ligands should have no direct contact
with the conjugated fluorophore at all six cysteine-substituted
sites (36, 37). Upon edrophonium, tacrine, or huperzine asso-
ciation, alteration of acrylodan emission maxima is undetect-
able for positions 124, 287, and 262 (Table V). However, as seen
for other ligands, acrylodan conjugated at E84C surprisingly

Omega Loop of Acetylcholinesterase
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440 460 480 500 520 540 560 580 600
Wavelength (nm)

60

Fractional Flnorescence Quenching

T T

0.01 0.1 1 10
{BW284¢51] pM

FiG. 4. Association of BW284¢51 with the E84C acrylodan-mod-
ified AChE. A, fluorescence emission spectra of acrylodan-labeled
E84C AChE following titration with BW284c51. BW284c¢51 produces a
bathochromic shift and reduction of fluorescence quantum yield. Initial
enzyme concentration was 70 nM. BW284c¢51 concentrations were 0,
0.01, 0.035, 0.06, 0.1, 0.3, 0.5, 1, 3, 5, 10, 30, 50, and 100 uMm. B, the
decrease in fluorescence measured by areas under the respective fluo-
rescence emission curves is plotted as a function of BW284c51 concen-
tration. K, is determined by fitting the data with Equation 1 as outlined
under “Materials and Methods.”

100

Tasre I
Fluorescence emission parameters of mouse ACRE mutants labeled
with acrylodan in the presence of fasciculin
Data are shown as mean values of at least three determinations.
Relative quantum yields were determined by comparison of areas of the
fluorescence emission curves.

Acrylodan Emission Maxima (nm)

Enzyme  No Fasciculin Saturating Chromic Relative
Fasciculin Shift (nm) Quantom Yield
L76C 505 505 0 : 140
E8IC 489 510 21 116
E84C 477 S12 35 047
*y124C 500 477 23 178
*A262C 517 517 o 097
H287C 524 507 17 50

¢ Data are from Ref. 20,

shows a bathochromic shift of 33 nm (from 477 to 510 nm) upon
inhibitor binding. A change of smaller magnitude is seen in the
case of acrylodan-L76C (from 505 to 509 nm) and acrylodan-
E81C (from 480 to 510 nm) with noncovalent active site inhib-
itors. Ligand binding results in a common emission maximum
(Apax ~510 nm) for acrylodan at the three () loop positions.
Effect of Bisquaternary Inhibitors on Acrylodan Emission
Spectrum—Extended bisquaternary inhibitors, such as
BW286c51 and decamethonium, belong to a class of inhibitors
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TapLe IV
Fluorescence emission parameters of mouse AChE mutants labeled
with acrylodan in the presence of covalent active site inhibitors
Data are shown as mean values of at least three determinations.
Relative quantum yields were determined by comparison of areas of the

fluorescence emission curves. Data for the unconjugated enzymes are
found in Table II1.
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TaBLE V
Fluorescence emission parameters of acrylodan-labeled mouse AChE
mutants in the presence of reversible active site inhibitors
Data are shown as mean values of at least three determinations.
Relative quantum yields were determined by comparison of areas of the

fluorescence emission curves. Data for the unliganded enzymes are
found in Table III.

o
13

Q/Ra,
ACH)s

Acrylodan Emission Maxima (nm)

Enzyme Conjugated TFK®  Chromic Shift (nm) Re‘at“;‘;igé‘anmm
L76C 509 4 0.87
E81C 510 21 0.89
E84C 507 30 0.59
Y124C 478 -22 L.15
A262C 517 0 097
H287C 524 0 0.90

o
g\cF,
Acrylodan Emission Maxima (nm) Nics

Enzyme Conjugated TFK*  Chromic Shift (nm) Relati\;;igganm
L76C 511 6 0.92
E81C 510 21 0.89
E84C 512 35 0.52
Y124C 503 3 0.70
A262C 517 0.97
H287C 524 0 1.07

i
Acrylodan Emission Maxima (nm) -
ACHE

. . R Relative Quantum
Enzyme Conjugated DDVP Chromic Shift (nm) Yield
L76C 503 -2 127
E8IC 510 21 0.19
E84C 496 19 0.39
Y124C 496 -4 1.27
A262C 517 0 0.97
H287C 524 0 1.03

that interact with two binding sites of AChE simultaneously
(32, 38-39). The quaternary ammonium moiety on one end of
the molecule associates with the Trp®® residue that character-
ized the choline-binding site, whereas the other end resides
near Trp?®® at the active site gorge rim. Table VI shows
changes in emission maxima of acrylodan-labeled AChE mu-
tants in the presence of bisquaternary inhibitors. No changes
are observed at position 262. By contrast, both decamethonium
and BW284c51 caused a pronounced hypsochromic shift and
increase in quantum yields with acrylodan conjugated at
Y124C and H287C. Addition of decamethonium produced a
hypsochromie shift of 35 nm at position 124, and a modest 7 nm
shift at position 287. BW284¢51 has a similar effect; for the {}
loop mutants, L76C, E81C, and E84C, bathochromic shifts of
similar magnitude to the monoquaternary ligands were ob-
served (Tables V and VI).

DISCUSSION

Characteristics of Fluorescence from Acrylodan-conjugated
Cysteine Residues—Fluorescence emission of acrylodan is ex-
quisitely sensitive to the dielectric constant of the solvent. In
general, the fluorescence emission spectrum of acrylodan shifts

HO

O

Acrylodan Emission Maxima (nm)

Enzyme Ec?rit;l)ltr::rl:i‘fm Chromic Shift (nm) Relam;t{zig:;antum
L76C 509 4 0.92
E8IC 510 21 091
ER4C 510 33 0.60
Y124C 500 0 0.79
A262C 517 0.97
H287C 524 0 113
Acrylodan Emission Maxima (nm) V%:):Q
Enzyme Hf;i‘g‘;‘;gA Chromic Shift (um) X €1Ve Quantum
L76C 511 6 0.86
E8IC 510 21 0.88
E84C 510 33 0.55
Y124C 500 0 0.63
A262C 517 0 097
H287C 524 1.13
NH,
Acrylodan Emission Maxima (nm) m
Enzyme  Saturating Tacrine  Chromic Shift ) Re1207¢ Quantum
L76C 509 4 0.87
E81C 510 21 0.91
E84C 510 33 045
Y124C 497 -3 0.51
A262C 517 0 097
H287C 524 1.13

toward the red (bathochromic) shift, and the quantum yield
decreases as the polarity of solvent increases (20, 40-42). This
sengsitivity to solvent polarity arises from the interaction of the
excited state of acrylodan with its surrounding solvent. The
excited state is more polar than the ground state and, as such,
will interact with a polar solvent so as to align solvent dipoles.
This alignment lowers the energy of the excited state and
causes the red shift of the emission spectrum. Hence, an acryl-
odan-labeled enzyme with an emission maximum of 510-525
nm likely reflects exposure of the side chain to solvent (20, 42).
On the other hand, acrylodan emission maxima in the range of
475-500 nm likely reflect solvent exclusion and a more hydro-
phobic environment surrounding the fluorophore. The time
course of TFK"* reaction with acrylodan-E84C (Fig. 8) reveals a
large spectral shift from 477 to 512 nm, indicating acrylodan
conjugated at this position has moved to a more hydrophilic
environment with TFK™* bound. The large spectral shift yields
a clear isoemissive point, which arises when only two distinct
emitting species are present, in this case the free enzyme and
the TFK™ conjugate.

Influence of Residue Modification on Ligand Binding—The
changes in emission spectra of acrylodan-labeled O loop resi-
dues 81 and 84 have been exploited to monitor ligand binding
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TaBLE VI
Fluorescence emission parameters of acrylodan-labeled mouse AChE
mutants in the presence of bisquarternary ligands
Data are shown as mean values of at least three determinations.
Relative quantum yields were determined by comparison of areas of the
fluorescence emission curves. Data for the unliganded enzymes are

found in Table II1.
O
i

Acrylodan Emission Maxima (am) 3.

Enzyme gg%r;;lcr;g] Chromic Shift (nm) Relatl\;t;ig;antum
L76C 508 3 1.13
E8IC 510 21 0.98
E84C 512 35 047
Y124C 487 -13 1.05
A262C 517 0 097
H287C 510 -14 2.73
i
Acrylodan Emission Maxima (nm) J_/—/J—[
\INI
Enzyme Decs:nt:flﬂﬁum Chromic Shift (nm) R‘“'la"";iggam“m
L76C 508 3 1.05
E8IC 510 21 094
E84C 505 28 0.59
Y124C 465 -35 1.85
A262C 517 0 0.97
H287C 517 -7 176

(Table II). We observe that cysteine substitution and acrylodan
conjugation at position 84 affect ligand binding kinetics but not

_at position 81. Cysteine substitution at position 84 has little

influence on catalytic parameters derived from steady-state
catalysis (Table I). The K,, of E84C increases less than 4-fold
compared with the wild type enzyme. By contrast, a similar
substitution at position 81 has no effect on ATCh steady-state
catalysis. Precise quantitation of these catalytic parameters for
the acrylodan-conjugated enzyme is complicated by incomplete
modification by acrylodan. However, inhibitor association can
be measured using the change in fluorescence signal (Table II).
Here we observe reductions in binding kinetics for several
ligands (Table II) ranging between 1 or 2 orders of magnitude
at position 84 but very little change at position 81. Although a
portion of the reduction at position 84 is due to the cysteine
substitution, acrylodan conjugation has a small, but significant
(8-10-fold), influence on ligand binding. Even though both the
81 and 84 residues reside on the enzyme surface removed from
the active center gorge, modification only at position 84 appre-
ciably affects the energetics of ligand binding. The acrylodan
moiety, whose dimension is slightly larger than the indole
moiety of tryptophan, may impart steric restrictions to the
region around the 84 site contributing to the energy cost in
ligand binding. A small alteration in ligand binding energy
(1.5-3.0 kcal/mol) is not unexpected if the conformation of )
loop plays a role in ligand binding.

Velan et al. (18) have examined steady-state kinetics for a
large number of Q loop substitutions and truncations. Modifi-
cation of Glu® and its neighboring residues were found to have
limited effect on steady-state kinetics. Faerman et al. (19)
inserted a cysteine at position 82 to pair with a second cysteine
residing proximally in the body of the enzyme. Although it
could not be firmly established that a disulfide bond formed,
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little change in kinetic parameters (K,,, and k) was observed.
Because of compensating contributions of the component pri-
mary constants, it is often difficult to correlate changes in
steady-state kinetic parameters with structural perturbations.
Our site-directed fluorophore labeling provides a physical as-
sessment of the localized conformational change in the Q loop.
In cases where the fluorophore makes direct contact with the
ligand, as for acrylodan-labeled Y124C and H287C with fasci-
culin, the energetic perturbations from substitution are larger,
since complementarity of the binding site may be altered
through the insertion of acrylodan side chain at the interface
between the ligand and its binding site (20).

Acrylodan Modification at a Site Distal to the Active Center
Core—We chose the A262C modification as a positional ref-
erence for a site distal to the active center. This residue is
also located at the tip of a disulfide loop but is located ~30 A
away from the rim of the active center gorge. Crystallo-
graphic studies show this region to have a high temperature
coefficient (B factor), indicative of substantial molecular mo-
tion of this surface residue. In fact, the position of this resi-
due and its immediate neighbors is only secured in crystal
forms where proximity of the symmetry-related AChE mole-
cule limits its movement in the crystal structure (6).

Acrylodan substitutions at this position show a long wave-
length emission (A .. = 517 nm) indicative of exposure to a
hydrophilic environment (Table I1II). Moreover, none of the
ligands studied, whether they are covalently attached to the
active center (TFK or alkylphosphates), reversibly bound to the
active center (edrophonium), span between the active center
and peripheral site (decamethonium and BW286¢c51), or bind
only to peripheral site (fasciculin), affect the spectroscopic
properties of acrylodan conjugated at site 262 (Tables III-VI).
This pattern indicates a lack of global conformational change
affecting residue environments in a disulfide loops well re-
moved from the active center (Fig. 1).

Residues Residing on the Active Center Gorge in Apposition
with the () Loop—Residues 124 and 287 lie in close proximity to
the © loop with H287C at the rim of the gorge and Y124C,
residing just below the rim in the gorge interior (Fig. 1). The
crystal structure of the complex shows fasciculin to “cap” these
residues, and our previous studies show hypsochromic shifts of
acrylodan upon fasciculin binding (20). None of the reversibly
bound active center ligands (edrophonium, huperzine, and ta-
crine) induce a spectral shift at position 124 or 287. However,
modest quenching is observed at position 124 upon binding of
these active center ligands. The bisquaternary ligands, which
should approach or come in close apposition with these resi-
dues, cause significant hypsochromic shifts. The large shift for
decamethonium at position 124 may reflect the ability of the
cluster of aromatic residues to collapse around the methylene
chain of decamethonium enlodged within the active center
gorge. Crystallographic studies show one quaternary ammo-
nium of decamethonium to be consistently positioned in the
vicinity of Trp®; however, both the flexible side chain and the
outermost quaternary group are found to assume multiple po-
sitions in the decamethonium-AChE complexes studied to date
(6, 29).

The distinct spectra observed for the two isosteric trifluoro-
acetophenone conjugates is surprising (Table IV). Covalent
inhibition of cationic trifluoroacetophenone (TFK™) produces
very little spectral shift of acrylodan at either position 124 or
287. This is consistent with the erystal structures where the
trimethyl ammonio moiety of TFK" forms a cation-7 interac-
tion with Trp®®, and the trifluoroacetophenone moiety forms a
hemiketal bond with the active center serine 203 (33). How-
ever, the isosteric ¢-butyl congener (TFK®) shifts the environ- -
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ment of residue 124 to that resembling a hydrophobic state.
This difference suggests that the orientation of this hemiketal
conjugate differs where the ¢-butyl group extends toward the
gorge exit. TFK? inhibits the wild type enzyme 70-fold slower
than TFK*, presumably due to lack of cation- interaction and
slightly different ligand orientation (21). Alkyl phosphorylation
with small alkyl groups also has little influence on the envi-
ronment at position 124 (Table IV).

Q Loop Substitutions—Qur greatest surprise emerged from
studies on the outer portion of the ) loop, defined by residues
between Cys® and Cys®, where we have examined three po-
sitions extending from the near tip of the loop (Leu”®) at the
gorge rim descending toward the active center (Glu®' and
Glu®"). The residues modified are all on the outer surface and
do not form the inner gorge wall. Since residues 81 and 84 carry
acidic side chains, they might be expected to show solvent
exposure in the native enzyme and not be involved in the
internal stabilization of the loop, as is evident in the crystal
structure of the mouse enzyme (5, 6). In the absence of ligand,
the spectra of the conjugated acrylodan moiety reveal different
degrees of solvent exposure with the acrylodan at position 84
being the most protected in an hydrophobic environment, ac-
rylodan at 81 being intermediate, and acrylodan at 76 being
most exposed. Examination of crystal structures of mouse en-
zyme revealed a surface cavity near the side chain of the 84 site
(5, 6). The observed A, likely reflects acrylodan buried in this
surface cavity when conjugated to the 84 site (Fig. 1).

The presence of fasciculin causes a large bathochromic shift
of acrylodan fluorescence at both the 81 and 84 positions, as
well as increase in quantum yield of acrylodan at 76. The lack
of a shift in emission seen for acrylodan at the 76 position may
simply reflect a balance between a small environmental change
at 76 upon ligand binding in general and partial solvent occlu-
sion at this position by fasciculin. In the case of Glu®, the
bathochromic shift likely reflects Arg!! of fasciculin loop I
coming in van der Waals contact with the 84 side chain and
displacing acrylodan into a more polar environment. However,
an explanation of the bathochromic shift at position 81 requires
a more involved analysis. Although 81 is removed from the
fasciculin-binding site, fasciculin has a sufficient molecular
dimension to restrict the Q loop so that the entire loop freezes
or closes upon fasciculin binding. Thus, fasciculin binding may
confer strain on the a-carbon backbone structure of the Q loop
such that the acrylodan side chain at positions 81 and 84
becomes exposed to the hydrophilic environment. The fact that
substitutions at both positions yielded acrylodan spectra with
equivalent emission maxima after ligand binding suggests a
conformational involvement of the entire loop.

Similar to fasciculin, small ligands that bind to the active
center produce a similar strain. All of the small ligands,
whether reversibly bound or covalently attached, elicit marked
changes in acrylodan emission with the largest spectral shift
seen for E84C, an intermediate value seen for E81C, and only
small change observed for L76C. In each case the conforma-
tional change induced by the ligand causes the acrylodan to
move into a region of higher dielectric constant, presumably
being more solvent-exposed. The pattern is remarkably consist-
ent among the ligands, and only the small organophosphate
when conjugated induces a shift of smaller magnitude. A likely
explanation for the observed conformational changes is that
ligand binding to the active center induces gorge closure, which
is mediated throughout the ( loop. The strain placed on the
a-carbon backbone upon gorge closure causes the side chains to
shift positions and become exposed to hydrophilic environment.

DeFarri et al. (43) have noted that the peripheral site inhib-
itor, thioflavin T, when bound to AChE, shows a large enhance-
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ment of fluorescence. Simultaneous binding of an active center
ligand and thioflavin partially quenches the enhanced fluores-
cence of bound thioflavin. Radic and Taylor (29) have observed
that bound active center ligands cause a partial quenching of
the native tryptophan fluorescence in AChE. Since these li-
gands lack the spectral overlap for fluorescence resonance en-
ergy transfer, the bound ligand is likely to influence the con-
nectivity between aromatic residues present in the gorge,
thereby influencing fluorescence quantum yields. Taken to-
gether, these studies suggest that ligands induce conforma-
tional changes in AChE giving rise to a gorge conformation
collapsed around the bound ligand. Our site-directed cysteine
mutagenesis and fluorescence labeling studies allow one to
delineate the involvement of particular residues on the  loop
in this eonformational change.

Cystallographic Structures and Solution Dynamics of the
Acetylcholinesterase Complex—In the several crystal struc-
tures of AChE with conjugated or reversibly bound ligand that
have been studied, little evidence for change in enzyme confor-
mation has been detected with a difference of less than a root
mean square of 1 A2 for the a-carbon backbone between the
apoenzyme and the various complexes (4-6, 13, 14, 33-35, 44).
Changes in side chain orientation occur most notably in the
phenyl ring at position 337 for certain reversible complexes (34)
and phenylalanine 297, when bulky organophosphates are con-
jugated to the active site serine (44). However, based on the
multiple positions of the outer trimethylammonio moiety in
decamethonium for mouse (6) and Torpedo crystal structures
(84), some flexibility may exist particularly within the gorge
itself. Brownian dynamics often require reducing the radii of
the attacking ligand or the residues lining the gorge in order to
simulate the kinetics of diffusion-limited substrate access ob-
served experimentally (45). Thus, all of crystal structures re-
ported to date reveal a closed gorge with constrained dimen-
sions. Our solution-based fluorescence studies provide the first
physical evidence for localizing the ligand-induced conforma-
tional change to residues in the Cys®®-Cys® Q loop. These
findings raise an interesting possibility that the unliganded
enzyme exists in a rapidly converting conformational equilib-
rium between open and closed states, and both ligand binding
and conditions of crystallization favor formation of a closed
gorge state. In fact, analysis of the molecular dynamics of a
solvated mouse AChE shows fluctuations yielding an average
widening of the gorge over a 10-ns interval (46). Such opening
and closing motions of the gorge may also be integral to the
catalytic cycle of transacylation and deacylation during ester
hydrolysis.
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The paradox of high substrate turnover occurring
within the confines of a deep, narrow gorge through
which acetylcholine must traverse to reach the catalytic
site of acetylcholinesterase has suggested the existence
of transient gorge enlargements that would enhance
substrate accessibility. To establish a foundation for the
experimental study of transient fluctuations in struc-
ture, site-directed labeling in conjunction with time-
resolved fluorescence anisotropy were utilized to assess
the possible involvement of the omega loop ({ loop), a
segment that forms the outer wall of the gorge. Specifi-
cally, the flexibility of three residues (L76C, E81C, and
E84C) in the Cys*-Cys® () loop and one residue (Y124C)
across the gorge from the Q loop were studied in the
absence and presence of two inhibitors of different size,
fasciculin and huperzine. Additionally, to validate the
approach molecular dynamics was employed to simu-
late anisotropy decay of the side chains. The results
show that the Q loop residues are significantly more
mobile than the non-loop residue facing the interior of
the gorge. Moreover, fasciculin, which binds at the
mouth of the gorge, well removed from the active site,
decreases the mobility of 5-((((2-acetyl)amino)ethyl)ami-
no)naphthalene-1-sulfonic acid reporter groups at-
tached to L76C and Y124C but increases the mobility of
the reporter groups attached to E81C and E84C. Huper-
zine, which binds at the base of active-site gorge, has no
effect on the mobility of reporter groups attached to
L76C and Y124C but increases the mobility of the re-
porter groups attached to E81C and E84C. Besides show-
ing that fluctuations of the Q loop residues are not
tightly coupled, the results indicate that residues in the
) loop exhibit distinctive conformational fluctuations
and therefore are likely to contribute to transient gorge
enlargements in the non-liganded enzyme.
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Acetylcholinesterase (AChE),! ranking among the most cat-
alytically efficient enzymes known, catalyzes the hydrolysis of
the neurotransmitter acetylcholine with a turnover number of
10* s7*(1, 2). Curiously, catalysis shows high efficiency despite
the cross-sectional dimension of acetylcholine is nearly equal to
the width of the narrowest portion of the 20-A-long and tortu-
ous gorge leading to the catalytic center (Fig. 14) (8-7). This
paradox suggests the existence of an enlarged solution confor-
mational state(s) of the active-center gorge. Molecular dynam-
ics simulations support the existence of breathing or gating
motions that could enhance substrate accessibility to the active
site (8-10).

Orne segment of the gorge that may play a major role in gorge
enlargement is the large Q loop (defined by the Cys®-Cys%
disulfide bond) that corresponds to the activation loop (Cys®°—
Cys®) of Candida rugosa lipase, a related carboxyl esterase
with an «,B8-hydrolase fold (11, 12). X-ray crystallographic anal-
ysis of the apo form of this lipase shows the activation loop
occluding the active site in the absence of substrate and folding
backward allowing substrate access when lipid is bound. We
previously demonstrated by examining the steady-state emis-
sion from selective acrylodan-labeled side chains that AChE-
inhibitor binding induces distinctive conformational changes in
certain regions of the mouse AChE Cys®*~Cys® O loop (13).

To determine whether the Cys®*—Cys® ) loop could contrib-
ute to gorge enlargement, we used site-directed labeling with
JAEDANS at various positions in conjunction with time-re-
solved fluorescence anisotropy to compare the backbone flexi-
bility of three residues in the Q loop (L76C, E81C, and E84C)
with the flexibility of a residue in the active-site gorge, but not
part of the Q loop (Y124C). We also examined the influence of
two inhibitors on conformational flexibility, one of which inter-
acts directly with the Q loop at the gorge entry (fasciculin),
whereas the other (huperzine) associates with side chains of
the loop near the gorge base. IAEDANS replaced acrylodan in
this study, because it is conjugated more readily to active-site
gorge residues than thioreactive fluorescein derivatives, and
because its relatively long emission lifetime allows better res-
olution of whole body from local depolarization processes. Ad-
ditionally, molecular dynamiecs simulations of side chain mo-
tions of the four individual residues where cysteine was
substituted showed agreement with anisotropy decay parame-
ters of the wild type (wt) enzyme. We found that the conjugated
) loop residues were significantly more flexible than the non-

*The abbreviations used are: AChE, acetylcholinesterase; mAChE,
mouse acetylcholinesterase; acrylodan, 6-acryloyl-2-dimethylaminonaph-
thalene; IAEDANS, 5-((((2-iodoacetylaminolethyl)aminoinaphthalene-1-
sulfonic acid; AEDANS, 5((((acetyDamino)ethyl)aminomnaphthalene-1-sul-
fonie acid; wt, wild type; PDB, protein data bank; wt, wild type.
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TanLe 1
Effect of huperzine and fasciculin on steady-state emission parameters of IAEDANS-labeled mouse AChE

Data are shown as mean values of at least three determinations.

Emission maxima (nm)*

Relative quantum yield®

Mutant Contro!

Huperzine Fasciculin Huperzine Fasciculin
L76C 485 485 478 1.0 1.11
E81C 489 494 492 0.82 0.90
E84C 484 491 486 0.77 0.97
Y124C 482 482 469 1.0 1.55

“ The excitation wavelength was 340 nm.

b Relative quantum yields were determined by comparison of areas under the emission spectra of each labeled mutant in the absence of ligand
with its spectra in the presence of the indicated ligand. Concentrations of fasciculin and huperzine were 1.3 and 4 pM, respectively.

loop residue. Also, the effects of the inhibitors were consistent
with the flexibility of the €} loop contributing to transient gorge
enlargement that could enhance substrate accessibility and
product egress.

EXPERIMENTAL PROCEDURES

Materials—Acetylthiocholine iodide, 5,5'-dithiobis(2-nitrobenzoic
acid) (Ellman’s reagent), and dithiothreitol were purchased from
Sigma. (—)-Huperzine A was purchased from Calbiochem. 5-((({2-To-
doacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid (IAEDANS)
was obtained from Molecular Probes (Eugene OR). Fasciculin 2 (puri-
fied from the venom of Dendroaspis angusticeps) was a gift of Dr.
Pascale Marchot (University of Marseille, France). Drs. Yacov Ashani
and Bhupendra P. Doctor (Walter Reed Army Research Center,
Washington, D. C.) kindly provided procainamide-linked Sepharose
CL-4B resin. All other chemicals were of the highest grade
commercially available.

Expression, Mutagenesis, and Purification of mAChE-—Mouse AChE
was produced by transfection of expression plasmid (pcDNAS, Invitro-
gen) containing an encoding ¢cDNA where the AChE sequence was
terminated at position 548. The plasmid was transfected into human
embryonic kidney (HEK293) cells. Cells were selected with G418 to
obtain stable producing cell lines, and AChE was expressed as a se-
creted soluble enzyme in serum-free media. Mutant enzymes were
generated by standard mutagenesis procedures, and cassettes contain-
ing the mutation were subcloned into pcDNA3. Nucleotide sequences of
the cassettes were confirmed by double-stranded sequencing to ensure
that spurious mutations were not introduced into the coding sequence.
Affinity chromatography using (m-aminophenyl) trimethyl ammonium
linked through a long chain to Sepharose CL-4B resin (Sigma) permit-
ted one-step purification of L76C, E81C, and E84C mAChE. Procain-
amide-linked Sepharose CL-4B resin was utilized in the purification of
Y124C mAChE. From 4 to 6 liters of media, mutant and wild type
enzyme were purified in quantities ranging between 5 and 25 mg (14).
Purity was ascertained by SDS-PAGE and by measurements of specific
activity.

JAEDANS Labeling—Mutant and wt enzymes were pretreated with
0.25 mm dithiothreitol for 30 min at room temperature to ensure the
introduced cysteine was in a reduced state. Dithiothreitol was removed
by use of a G-50 Sephadex spin column (Roche Applied Science) equil-
ibrated in 10 mM Tris, 100 mm NaCl, 40 mm MgCL,, pH 8.0. IAEDANS
(1 ub) at 100 times the enzyme concentration was slowly mixed with the
enzyme to achieve approximately a 10-fold molar excess of IAEDANS to
enzyme. Labeling was allowed to proceed for 12-16 h at 4 °C, and excess
reagent was removed by fractionation on a Sephadex G-25 (Amersham
Biosciences) column equilibrated with 0.1 M sodium phosphate buffer,
pH 7. Enzyme concentrations were determined from absorbance at 280
nm, € = 1.14 X 10° M7 ¢m™* (14). Labeling stoichiometries were
determined to be close to 1.0 from the ratio of absorption at 340 to 280
nm for the labeled enzymes. Because the absorption peak wavelength of
TIAEDANS at 340 nm, € = 5.7 X 10®> M™* ¢cm™%, is close to that for the
protein, these ratios only provide rough estimates of labeling. Specific-
ity of labeling was assessed by comparison of areas under the fluores-
cence emission curves for JAEDANS-treated mutant with wild type
enzymes.

Steady-state Emission Spectra—Steady-state emission spectra were
measured at room temperature using a Jobin Yvon/Spex FluoroMax II
spectrofluorometer (Instrument S.A., Inc., Edison, NJ) with the excita-
tion and emission bandwidths set at 5 nm.

Time-resolved Fluorescence Anisotropy—Time-resolved emission an-
isotropy was monitored on time-correlated single photon-counting in-
strument. Its custom-built fabrication included an IBH (Edinburgh,

UK) UV-NanoLED™ flash lamp run at 1 MHz and an IBH model
TBX-04 photon detector. Vertically (I(#)) and orthogonally (I, (#)) polar-
ized emission components were collected by exciting samples with ver-
tically polarized light while orienting the emission polarizer (Polaroid
HNP’'B dichroic film) in either a vertical or orthogonal direction. Exci-
tation and emission bands were selected with a Corning 7-60 interfer-
ence filter and a Schott KV-450 nm cut-on filter, respectively. Typically,
2 X 10* peak counts were collected in 1-2 min when the emission
polarizer was vertically oriented. The orthogonal emission decay profile
was generated over the same time interval used to generate the vertical
emission decay profile. Samples were held at 22 °C. To minimize con-
volution artifacts, flash lamp profiles were recorded by removing the
emission filter and monitoring light scatter from a suspension of latex
beads. The data analysis software corrected the wavelength-dependent
temporal dispersion of the photoelectrons by the photomultiplier. The
polarization bias (G) of the detection instrumentation was determined
by measuring the integrated photon counts/6 X 10° lamp flashes that
were detected while the samples were excited with orthogonally polar-
ized light and the mission monitored with a polarizer oriented in the
vertical and orthogonal direction (G = 0.9936).

Emission anisotropy, r(#), is given by the expression shown in Equa-
tion 1,

L6y -GL(®

"0 =15+ 261,00 (Eq. 1)

From this and the expression for the total emission, S(¢), for a macro-
scopically isotropic sample,

S@¢) =L + 2G-1,(8) (Eq. 2)

was deconvolved simultaneously from the individual polarized emission
components expressed as shown in Equations 3 and 4,

S
L@ =—5 (1 +2r@) (Eq. 8)
and
8@ .
L@ =—1-r@) (Eq. 4)

Thus, both 1(#) and I (t) were determined by the same fitting functions,
S(t) and r(?), and fitting parameters.

Fluorescence lifetimes were determined by initially generating a
total emission profile from I(#) and I.(¢) with Equation 2, and then
fitting this decay profile to a biexponential decay expression with the
Globals Unlimited™ (Laboratory for Fluorescence Dynamics, Urbana,
IL) software package. The resulting lifetimes were entered and fixed in
the second step of the analysis process where It} and I, () were simul-
taneously analyzed for the parameters of S(¢) and r(¢) with the Globals
Unlimited™ program. Here r{t) is a nonassociative anisotropy decay
function as shown in Equation 5.

r{e) = rofy exp(—tdgs) + ol — folexp(—t/dy,)  (Eq.5)

where r,, is the amplitude of the anisotropy at time 0; £, is the fraction
of the anisotropy decay associated with the fast decay processes, and ¢
is rotational correlation time of the anisotropy decay. Rotational corre-
lation times are measured for the two (fast and slow) processes. This
nonassociative model assumes that the rotational correlation times are
common to each of the emission relaxation times. Goodness of fit was
evaluated from the value of x* and visual inspection of the difference
between the experimental data and the empirical anisotropy decay
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Fic. 1. Locations of substituted cysteines for fluorophore conjugation. A, cutaway view of mAChE crystallographic structure showing an
active-site gorge 20 A in depth (PDB code 1MAA). The view is taken from the side with catalytic triad (Ser®®®, Glu®**, and His**") on the bottom
left. B, Connolly surface presentation of mAChE looking into the gorge entry with catalytic serine highlighted in red at its base. Residues 76, 81,
and 84 displayed in blue are at the tip (76) and outer portion (81, 84) of the Cys**~Cys® loop. Residue 124 displayed in green is on an opposing
face of the gorge and makes up part of the peripheral anionic site. C, model of mAChE in complex with huperzine based on crystal structure of
huperzine: Torpedo californica AChE (PDB code 1VOT). Huperzine binds at the bottom of active-site gorge and makes surprisingly few specific
contacts in the active-site gorge. D, fasciculin 2 complexed to mAChE adapted from PDB code 1KUB. Note: hydrogen bonding between the
guanidino nitrogen moieties of Arg'' and Arg®” in fasciculin and carbonyl oxygen moieties of Glu® (3.33 A) and Leu™ (3.24 A) on mAChE,

respectively.

model. (It is worth noting that the observed r, values typically are less .

than the fundamental anisotropy of the reporter group (0.33). This most
probably reflects the fact that the very fast depolarizing motions pro-
duced by tether arm movements are not resolvable by commercial
instruments.)

Molecular Dynamics Simulation of Anisotropy Decay—The decay of
anisotropy because of side chain and segmental motions was simulated
utilizing the approach developed by Ichiye and Karplus (15). Specifi-
cally, the anisotropy decay of a fluorophore conjugated to a protein side
chain was represented as the decay in the time correlation function
shown in Equation 6,

(1) = < Pa@)-alt — D>, (Eq. 6)

where # is a normalized vector properly chosen 6 represent the local
motion being reported by the fluorophore. In our calculations, fi was
chosen to be a normalized vector representing the direction that goes
from the a-carbon to an atom near the tip of the wild type residue. To
wit, for the glutamate residue, we used the average of the two normal-
ized C -0, vectors; for leucine, the normalized C_~H, vector; and for
tyrosine, the normalized C_—Oy vector.

For this study, the previcusly reported 10-ns molecular dynamics
simulation of the unliganded wt mAChE (16) was extended to afford a
15-ng trajectory. Frames (snapshots of the trajectory containing the
coordinates of all the atoms) were calculated at 1-ps time intervals, and
the rotational degrees of {reedom were removed by superimposing all
frames into a reference frame, minimizing the root mean squared de-
viations. With these trajectories on a nanosecond time scale, it was

possible to simulate anisotropy decay due to just the combination of side
chain and segmental motions; deconstruction of the vectors to resolve
the side chain and the segmental motions was not attempted.

RESULTS AND DISCUSSION

Characterization of Labeled Mutants—Acetylthiocholine hy-
drolysis kinetics of the cysteine-substituted mutants were
shown previously to be similar to the wt enzyme suggesting
that all mutant enzymes fold correctly despite the presence of
the substituted cysteines (13). Moreover, the specific labeling
for each mutant was estimated to be 71-80%, 89-93%, 79~
80%, and 74-84% for L76C, E81C, E84C, and Y124C, respec-
tively. Substrate and inhibitor recognition by the JAEDANS-
labeled mutants is evident from both fasciculin (1.3 pm) and
huperzine (4 um) producing greater than 95% inhibition of the
rate of acetylthiocholine hydrolysis (data not shown). This is
not surprising, because previous kinetic studies showed that
k,, and kg of fasciculin were unaltered in the cysteine mutants
anm.

In the absence of ligand, the emission maxima of the four
IAEDANS-labeled mutants were similar ranging between 482
and 489 nm (Table T). The active-site ligand, (—)-huperzine A,
a herbal alkaloid used in Chinese traditional medicine, binds at
the base of active-site gorge and should have no direct interac-
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tion with all cysteine-conjugated sites based on the x-ray crys-
tal structure of the huperzine-AChE complex (Fig. 1C) (18).
Huperzine only affected the steady-state emission properties of
the E81C- and E84C-labeled mutants, red shifting the emission
maxima 5 and 7 nm and decreasing the relative quantum
yields by 18 and 23%, respectively (Table I). This pattern
suggests that the huperzine increases the polarity of the mi-
croenvironment around the Glu®' and Glu®* but not around the
Leu™ and Tyr'?* side chains.

Fasciculin, a peptidic peripheral site inhibitor that caps the
mouth of the active-site gorge, influences the microenviron-
ment of the substituted positions in a complex manner. The
crystal structure of fasciculin-mAChE complex shows hydrogen
bonding between the guanidino moieties of Arg'? and Arg® in
fasciculin and the carbonyl oxygens of Glu® and Leu’® on the
AChE, respectively (Fig. 1D) (4). Met?® of fasciculin also is in
close proximity but not “in van der Waals contact” with Tyr!?*
in the AChE. The largest spectral changes were observed with
the labeled Y124C mutant where fasciculin blue-shifted the
emission maxima 13 nm and increased the relative quantum
yield by 55% (Table I). A similar pattern was seen with the
L76C conjugate, but the blue shift was 7 nm, and the relative
quantum yield enhancement was 11%. The emission properties
of E81C- and E84C-labeled mutants were much less affected by
fasciculin binding; the emission maxima were red-shifted 3 and
2 nm, and the relative intensities were decreased by 10 and 3%,
respectively (Table I). These results indicate that fasciculin
dramatically decreased the polarity around the reporter groups
attached to Y124C and to a lesser extent around L76C. Also,
fasciculin slightly increased the polarity around the reporter
groups attached to E81C and E84C, which is qualitatively the
result found using acrylodan instead of IAEDANS (13).

Emission and Anisotropy Decay—For brevity, just the paral-
lel and perpendicular emission decay profiles of one labeled
mutant (E84C) along with the corresponding anisotropy decay
profile are illustrated in Fig. 2. The total emission decay pro-
files (S(#), Equation 2) of all the mutants were best fit to a
three-exponential decay function whose geometric averaged
lifetimes are summarized in Table II and ranged from 10.0 to
14.6 ns. The ranges of values of the short, intermediate, and
long lifetimes of the various conjugates studied were 1.1-3.4,
9.3-16.0, and 18.2-27.9 ns, respectively (data not shown).

Anisotropy decay profiles for the JAEDANS conjugates, with
the exception of the labeled Y124C mutant complexed to fasci-
culin, were well fit by a nonassociative biexponential model
(Equation 5). These profiles are illustrated in Fig. 3, and the
best fit parameters are summarized in Table II. Except for the
huperzine-bound E84C mutant, the processes associated with
the “slow” rotational correlation times accounted for 60-80% of
the total resolvable anisotropy decay, and the values of these
rotational correlation times ranged between 69 and 132 ns
(Table II). This range of values is greater than what might be
predicted from a protein with 547 amino acids and three N-
linked oligosaccharides of average mass determined by matrix-
assisted laser desorption ionization-mass spectrometry. How-
ever, sedimentation equilibrium measurements for this protein
correlate best with a molecular mass of 122,000 Da, suggesting
that at higher concentrations the molecule may form a revers-
ibly associating dimer.? The longest emission lifetimes (18.2-
27.9 ns) are long enough to allow estimation of a global rota-
tional correlation time. The crystal structure shows mAChE to
have limited dimensional asymmetry so only a single rotational
correlation would be resolvable. Because faster emission decay
step(s) are also present, deconvolution of components of the

2D. Comoletti, unpublished observations.
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Fic. 2. Emission and anisotropy decay of IAEDANS-E84C mA-
ChE. The upper panel illustrates the parallel () and perpendicular (1)
emission decays (single data points). A smooth line through these points
was generated with the best fit parameters for a double exponential
decay equation. The flash lamp profile is shown as a dotted line. The
lower panel shows the time-resolved anisotropy decay (single data
points), and a smooth line through these points was generated with the
best fit parameters (Table II) for a double exponential nonassociative
model (Equation 5). The concentration of the labeled mutants was 1.68
UM,

intermediate and slow phase is subject to uncertainty. Conse-
quently, slow internal fluctuations contributing to the decay
rate cannot be ruled out. For the case of huperzine-bound E84C
mutant, the ¢y, values ranged between 80 and 260 ns. This
broader range of values probably reflects a greater uncertainty
in ¢y, Mmeasurements when the slow decay processes repre-
sent a small fraction of the total resolvable anisotropy decay, as
was the case for the huperzine-bound E84C mutant (31%;
Table I1).

Comparison of the fast anisotropy decay components of the
apo form of the labeled mutants show two features. First,
reporter groups attached to substituted cysteines whose native
side chains in the crystal structure project into the active-site
gorge (176C and Y124C) are less mobile than reporter groups
attached to Q loop-substituted cysteines located on the outer
surface of the enzyme (E81C and E84C). This conclusion is seen
in the time 0 anisotropy and f,; /¢, values (Table II). The time
0 anisotropy values (ry), which likely reflect very fast and
unresolvable tether-arm motions (19-21), are higher for the
L76C (0.27) and Y124C (0.28) than the E81C (0.25) and E84C
(0.25) labeled mutants (Table II). This would suggest, not sur-
prisingly, greater hindrance to the tether-arm movements of
the gorge-residing residues. The f,;/¢dg. values of reporter
groups attached to the residues that project into the gorge are
smaller (L.76C, 0.07 and Y124C, 0.05) than the f, /¢, . values
of reporter groups that are on the outer surface of the enzyme
(E81C, 0.13 and E84C, 0.15; Table II). Because the f,;/ ¢pat
ratio is on the time scale of backbone motions and can be
analyzed in terms of the diffusion rate in a “diffusion-in-a-cone
model” (22), these results indicate that the ranking of segmen-
tal mobility of the residues examined is as follows: E84C >
E81C = 1.76C > Y124C. The second feature that emerges from
a comparison of the fast anisotropy decay parameters, ry and
fot! Drase> 15 that the reporter groups attached to the substituted
cysteines in the Cys®—Cys% O loop (1.76C, E81C, and E84C)
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Tasre II
Effect of huperzine and fascieulin on the anisotropy decay parameters of mouse AChE-labeled with IAEDANS
Data are shown as means (+S.D.) from at least three determinations. The vertically and orthogonally polarized emission decays were initially
analyzed for the S(t) parameter (Equation 2), and then for the () parameter (Equation 5) with the Globals Unlimited™ computer program. The
experimental details are described under “Experimental Procedures.” The mutants were present at the following concentrations: AEDANS-L76C,
1.63 pv; AEDANS-E81C, 1.69 un; AEDANS-E84C, 1.68 un; and AEDANS-Y124C, 2.75um. To ensure saturation of enzyme with inhibitors,
concentrations of huperzine (4 pM) and fasciculin (3.17 um) were added to AEDANS-L76C, AEDANS-E81C, and AEDANS-E84C; huperzine (4.8

uM) and fasciculin (4 pM) were added to AEDANS-Y124C.

Mutant Inhibitor ry” fa’ b’ Fer/Prast Paton! Ukt o
ns ns ns
L76C None 0.27 £ 0.01 0.26 + 0.01 3.5 *03 0.07 = 0.01 84-111 1.2 10.0 = 0.1
Huperzine 0.28 + 0.02 0.26 + 0.01 3.5 %06 0.07 = 0.01 84-119 1.3 9.7 2 0.1
Fasciculin 0.27 + 0.01 0.22 = 0.01 48 +0.3 0.05 = 0.01 92-118 1.2 10202
E81C None 0.25 = 0.01 0.29 = 0.01 2.3 +0.2 0.13 = 0.01 76-105 1.3 146 = 0.1
Huperzine 0.26 = 0.01 0.40 = 0.01 23 *0.1 0.18 £ 0.01 84-118 1.2 136 = 0.1
Fasciculin 0.26 = 0.01 0.34 = 0.02 2.2 +0.1 0.16 = 0.01 77-100 1.3 136 £ 0.1
E84C " None 0.25 = 0.01 0.42 = 0.02 29+0.1 0.15 = 0.01 90-132 1.3 12,6 = 0.2
Huperzine 0.22 = 0.02 0.69 = 0.02 2.8+ 0.2 0.25 = 0.03 80-~260 1.2 10.2 = 0.2
Fasciculin 0.26 = 0.01 0.24 + 0.02 46+ 0.8 0.05 = 0.01 69-87 1.1 11.3 =07
Y124C None 0.28 = 0.01 0.16 = 0.01 3.6 0.6 0.05 = 0.01 75-89 1.2 145 0.2
Huperzine 0.29 = 0.02 0.18 = 0.01 4.0 0.7 0.04 x 0.01 74-91 14 13.8 = 0.4
Fasciculin ND# ND ND ND ND ND 18.2 + 0.1

“ The time 0 anisotropy.

® The fraction of the observed anisotropy decay associated with the “fast” depolarization processes.

¢ Fast rotational correlation time.

4 The range of the “slow” rotational correlation times that yield x,? values 5% above the minimum.

¢ The reduced x*.
f Geometric averaged lifetimes (Sc;7,, where Sq; = 1).
£ ND, not determined.

are more mobile than the reporter group attached to the non-Q
loop residue (Y124C) (Table II).

Ligand Binding and Anisotropy Decay—The influence of hu-
perzine and fasciculin on the anisotropy decay parameters of
the labeled mutants studied is complex and ligand-dependent.

Huperzine, which should not interact with the modified O
loop residues (Fig. 10), selectively increased the mobility of just
the labeled E81C and E84C residues without affecting the
mobility of the labeled L76C or Y124C residues. This is evi-
denced in the f,/¢p. values of the labeled-E81C and E84C
mutants that increased upon huperzine binding from 0.13 to
0.18 and from 0.15 to 0.25, respectively (Table II; Fig. 3). The
fact that the fluctuations of just the E81C and E84C were
perturbed, and not L76C in the 2 loop, is indicative of a lack of
conformational coupling between Leu® and Glu®Y/Glu®* posi-
tions in the ) loop. Hence, the Q loop does not behave as a rigid
flap.

Consistent with the crystal structure showing fasciculin hy-
drogen bonding (from the guanidino moiety of Arg®) to the
carbonyl oxygen of Leu™ (2.83 A; Fig. 1), the f.\/bp.. value of
the labeled L76C mutant decreases upon fasciculin binding
from 0.07 to 0.05 (Table II) suggesting decreased segmental
mobility around L76C. For the E81C mutant, where the wild
type crystal structure does not predict any direct interaction
with fasciculin, the f,;/dg. value increased from 0.13 to 0.16
(Table II), indicating a modest increase in segmental mobility
of the E81C residue, a behavior similar to that seen for huper-
zine. Combining hydrophobic and electrostatic interactions, the
faseiculin-mAChE complex encompasses an interface of 1100
A. It is surprising that, despite strong suppression of mobility
throughout, we observed enhanced dynamic motion around
E81C.

For the E84C mutant, whose side chain may come in closer
contact with fasciculin than E81C, fasciculin binding may in-
troduce multiple factors that control decay of anisotropy. Fas-
ciculin slowed the fast anisotropy decay processes suggesting a
reduced segmental mobility (f,,/dp,. decreases from 0.15 to
0.05) and accelerated the slow anisotropy decay processes (the
range of ¢, values decreased from 90132 to 6987 ns; Table
IT). These seemingly complex decay profile emerges without

direct occlusion between the fluorophore and toxin as evi-
denced by the fact that fasciculin binding produced no signifi-
cant change in r, and only a minimal change in the steady-
state and emission lifetime parameters (Tables I and ID.
However, the fasciculin molecule should stabilize the Q loop
near the rim of the gorge, and Arg*! on fasciculin may electro-
statically interact with the sulfonic acid moiety of the conju-
gated AEDANS. A possible explanation for the complex decay
profile at Glu™ is that fasciculin induced large amplitude, slow
backbone fluctuations around E84C that both slowed the seg-
mental fluctuation rate and increased its amplitude. Such in-
ternal fluctuations might occur if the C-terminal half of the
loop starting at about Glu®! became less tethered to the core of
the molecule and underwent larger angular excursions on a
time scale between ~10 and ~50 ns. Such conformational
fluctuations would accelerate the observed slow rotational cor-
relation time. From this perspective, fasciculin has a disorder-
ing effect at both E81C and E84C. Clearly, additional studies
are required to establish the mechanistic basis for these in-
creased fluctuations.

For the labeled Y124C mutant, the anisotropy decay could
not be reasonably fit to a simple decay model. Instead of con-
tinuously decreasing from time 0, the anisotropy increased
very slightly for a few nanoseconds and then decreased. More-
over, the total depolarization process was much slower than
any other decay profiles examined (Fig. 3). This pattern of
decay probably results from a complex association of emission
lifetimes with specific rotary diffusional processes (23). Com-
bined with the very substantial (55%) increase in the total
emission described above and the close proximity of Tyr'?* to
fasciculin in the crystal structure of mAChE (PDB code
1KU6), which would presumably be closer in the
5((((acetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid
(AEDANS)-labeled mutant, the complex anisotropy decay of
the fasciculin-bound and labeled Y124C mutant strongly sug-
gests a direct reporter group-fasciculin interaction and sub-
sequent reduction in the mobility of Y124C. This direct in-
teraction makes problematic an assessment of the effect of
fasciculin on the segmental motion around the Tyr'?* residue
in the wild type enzyme.
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FiG. 3. Effect of huperzine and fas-
ciculin on the anisotropy decay of the
IAEDANS-labeled mAChE mutants.
The time-resolved anisotropy decay (sin-
gle data points) and a smooth line through
these points were generated with the best
fit parameters (Table ID for a double ex-
ponential nonassociative decay model
(Equation 5). Data points represent en-
zymes without inhibitors (@), with huper-
zine (+), or with fasciculin (A). The peak
of the flash lamp profile arbitrarily de-
fined the zero time point. To ensure satu-
ration of enzyme with inhibitors, concen-
trations of huperzine (4 um) and fasciculin
(3.17 um) were added to IAEDANS-E81C
(4), IAEDANS-E84C (B), and IAEDANS- 0.2¢
L76C (C); huperzine (4.8 uM) and fasciculin
(4 ) were added to TAEDANS-Y124C (D).
The concentrations of IAEDANS-L76C,
TAEDANS-E81C, TAEDANS-E84C, and
IAEDANS-Y124C were 1.63, 1.69, 1.68, 0.1
and 2.75 uM, respectively.
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Fic. 4. Comparison of the experimental and simulated anisotropy decay. A, overlay of experimental anisotropy decays of unliganded
AEDANS-L76C (+) (green), AEDANS-ES1C (@) (orange), AEDANS-E84C (V) (red), and AEDANS-Y124C (A) (blue) mAChE. B, the time correlation
function p{(7) from the 15-ns mAChE molecular dynamics simulation based on PDB code 1MAH.

Comparison of Experimental and Simulated Anisotropy De-  correlation function, it becomes less trustworthy as T increases
cay—To validate further fluorescence anisotropy decay to and the number of samples diminishes. Therefore, only the first
measure segmental mobility, the anisotropy parameters were one-third of the 15-ns p(r) profile is shown (Fig. 4B). For the
compared with the calculated decay in the time correlation unliganded mAChE, the simulated mobility ranking for the
function p(7) (where p(7) is time correlation function of a vector  four sites of interest was E81C > E84C > L76C > Y124C. This
representing the direction that goes from the o-carbon to an  is similar, but not identical, to the experimental anisotropy
atom near the tip of the wt side chain) for each mutated site. measures of segmental mobility, f,,/bg,., Whose mobility rank-
The results of this comparison for the apoenzyme are illus- ing was E84C > E81C > L76C > Y124C.
trated in Fig. 4. Because p(7) has the characteristics of a time Why the theoretical calculations show the motions of residue
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81 randomizing more rapidly than residue 84, whereas the
experimental data show the opposite, is unclear. However,
there are several explanations to be considered. First, experi-
mental anisotropy decay is dependent upon the orientation of
the emission transition dipole relative to the major directions of
the movement of the reporter group, and the correlation func-
tion is not. Second, cysteine substitutions and fluorophore con-
jugation could have perturbed the local environment differen-
tially affecting the mobilities of the substituted side chains.
Finally, the experimental £ /¢, ratio is not measuring the
same motions as p(7). p(7) reflects both side chain and segmen-
tal motions of the studied residue, whereas f,,/¢p. is more
reflective of ensemble averaged segmental motions of the flu-
orophore conjugated and adjacent amino acid residues (20).

General Conclusions—As discussed above, several lines of
evidence point toward the existence of transient gorge enlarge-
ments that would facilitate substrate binding and product
egress. These include molecular dynamics simulations that
predict breathing or gating movements (8—-10) and the para-
doxically high substrate turnover number in relation to the
small diameter of the active-site gorge when compared with the
cross-sectional size of acetylcholine. This report adds further
credence to the existence of transient gorge enlargements by
experimentally demonstrating that the outer wall of the active-
site gorge, the Cys®*-Cys® O loop, is conformationally flexible
and capable of undergoing residue-specific and ligand-depend-
ent changes in backbone motions. The fact that all published
AChE crystal structures depict only a narrow active-site gorge
does not provide conclusive evidence for a static, narrow active-
site gorge in solution (5-7). A growing body of evidence sug-
gests that the conditions of AChE crystallization simply favor a
narrow gorge conformational state (13).

Although we only have a fragmentary experimental picture
of the conformational dynamics of the mAChE, this report and
an ongoing study using site-directed labeling with fluorescein
maleimide of three additional sites near the gorge shows only a
partial degree of coupling of the fluctuations between residues.
If this reflects a general feature of AChE conformational dy-
namics, then it would suggest that the transient gorge enlarge-
ments result from random or near random (non-concerted)
fluctuations that periodically result in gorge enlargement.
These near random fluctuations leading to periodic gorge en-
largements would presumably occur in a time frame of nano-
seconds or subnanoseconds (24). Despite the high catalytic
efficiency of AChE with a turnover number of 10% s, this time
interval for gorge fluctuations is short in relation to the time
required for individual catalytic steps or appreciable diffusion
of substrate.

In summary, we examined the possibility that the Cys®-
Cys® Q loop, which forms the outer wall of the active-site gorge
of mAChE, plays a role in transient gorge enlargement by using
site-directed labeling in conjunction with time-resolved fluores-
cence anisotropy. A molecular dynamics simulation of the side
chain and segmental motions of the mutated residues was also
performed to further validate this approach. The results indi-
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cate the £ loop residues examined show torsional motion and
segmental fluctuations and therefore could contribute to tran-
sient gorge enlargements. In turn, these rapid fluctuations
occur in a time frame that is short with respect to diffusional
translation of substrate (24) and could be expected to enhance
substrate accessibility and product egress. Examination of the
effects of two inhibitors, one of which interacts directly with the
outer portion of the Q) loop (fasciculin) and one of which does
not (huperzine), also reveals internal loop flexibility and that
the backbone movements are not all tightly coupled. This later
observation suggests the possibility that transient gorge en-
largements result from random or near random (non-concert-
ed) fluctuations that periodically widen the gorge. Systematic
mapping of other positions on the AChE surface should be able
to further delineate regions involved and ultimately reveal
solution conformations of AChE not discernible in a static
crystal structure.
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To delineate the role of peptide backbone flexibility
and rapid molecular motion in acetylcholinesterase ca-
talysis and inhibitor association, we investigated the
decay of fluorescence anisotropy at three sites of fluo-
rescein conjugation to cysteine-substitution mutants of
the enzyme. One cysteine was placed in a loop at the
peripheral site near the rim of the active center gorge
(H287C); a second was in a helical region outside of the
active center gorge (T249C); a third was at the tip of a
small, flexible € loop well separated from the gorge

(A262C). Mutation and fluorophore conjugation did not -

appreciably alter catalytic or inhibitor binding param-
eters of the enzyme. The results show that each site
examined was associated with a high degree of segmen-
tal motion; however, the A262C and H287C sites were
significantly more flexible than the T249C site. Associa-
tion of the active center inhibitor, tacrine, and the pe-
ripheral site peptide inhibitor, fasciculin, had no effect
on the anisotropy decay of fluorophores at positions 249
and 262. Fasciculin, but not tacrine, on the other hand,
dramatically altered the decay profile of the fluoro-
phore at the 287 position, in a manner consistent with
fasciculin reducing the segmental motion of the peptide
chain in this local region. The results suggest that the
motions of residues near the active center gorge and
across from the Cys®-Cys®® Q loop are uncoupled and
that ligand binding at the active center or the periph-
eral site does not influence acetylcholinesterase confor-
mational dynamics globally, but induces primarily do-
main localized decreases in flexibility proximal to the
bound ligand.

Catalysis of the hydrolysis of acetylcholine by the serine
hydrolase, acetylcholinesterase (AChE),! occurs at or near the
diffusion limit (1, 2). The crystal structure of AChE reveals the
enzyme active center to be at the base of a narrow, aromatic
side chain lined gorge, some 18-20 A in depth (3-5). How the
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substrate can rapidly traverse this tortuous route, acylate the
active center serine with concomitant choline departure, and
then deacylate with acetate departure in each catalytic cycle of
~100 us has been a source of puzzlement. A large dipole mo-
ment aligned with the gorge entry portal enhances diffusional
ingress (6-8). Alternative portals have been proposed as routes
for access or removal of H,0, H*, or products (9-11); however,
the finding that mutations in the vicinity of the proposed al-
ternative portals do not alter steady-state catalytic parameters
argues against a second access route being a rate-limiting step
(12, 13).

Molecular dynamic simulations have pointed to flexibility
and/or fluctuations in gating that may enhance accessibility to
the active center (14, 15). A 10-ns molecular dynamic simula-
tion of mouse AChE analyzed in terms of projections on the
principal components suggests that collective motions on many
time scales contribute to the opening of the gorge (16). Residues
at the gorge opening and constriction point generally have
larger correlation vectors pointing away from the gorge than do
residues located peripheral to the gorge, suggesting large am-
plitude gorge opening motions.

Although molecular dynamic simulations support the exist-
ence of a conformationally active gorge, little experimental
support exists. Analysis of the various published crystal struc-
tures of the apo and ligand-bound enzyme from various sources
yield no indication that the gorge exists in “open” and “closed”
states. On the other hand, Laue crystallography, with its di-
minished exposure time of x-ray radiation, has the potential to
detect short lifetime intermediates in formation of AChE com-
plexes (17). Also, we have reported that both active center and
peripheral site inhibitors alter dramatically the emission max-
ima of acrylodan conjugated to mouse AChE cysteine mutants
(18). Because many of the affected residues do not directly

. contact the bound ligand, the findings reveal ligand-dependent

conformational changes in the Cys®®-Cys® Q-loop, which
forms one of the walls of the active center gorge (18, 19).
Additionally, we have found substantial internal flexibility at
this Q-loop as well as changes in flexibility induced by ligand
binding (20).

To extend our observations on the AChE conformational
dynamics to additional areas around the active center gorge,
we measured the effects of two inhibitors on the backbone
flexibility of three surface sites across the active center gorge
from the Cys®*-Cys® (-loop using site-directed labeling in
combination with time-resolved fluorescence anisotropy. Spe-
cifically, we chose three aligned sites for cysteine substitution
and fluorescein conjugation, starting at the rim of the gorge
(H287C), extending radially to an adjacent surface a-helix
(T249C), and then to the tip of a small and mobile Q-loop
(A2620), some 20 A away from the gorge rim (¥Fig. 1). Time-

This paper is available on line at http://www.jbc.org
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Fic. 1. Locations of the sites of cysteine substitution and flu-
orescein conjugation. Hlustrated is a surface presentation of mouse
AChE looking into the active center gorge (Protein Data Bank code
1KUG) with the Cys®-Cys® Q-loop, highlighted in green, and the three
sites of cysteine substitution and fluorescein conjugation (Thr??®,
Ala?®2, and His?*®"), highlighted in yellow. The position of bound tacrine,
shown in red, was derived from the crystallographic coordinates of the
Torpedo californica AChE-tacrine complex (Protein Data Bank code
1ACJ) and overlaid into the mouse AChE structure.

resolved fluorescence anisotropy yields information on the ex-
cited state of the fluorophore in the picosecond to nanosecond
time frame (21), a time domain much shorter than the AChE
catalytic cycle. With this approach we hoped to assess the basic
characteristics of the motion at sites near the gorge but across
from the Cys®*-Cys® Q-loop. We reasoned that if the opening
motions were conformationally linked, ligand association,
which would influence peptidyl backbone flexibility adjacent to
the bound ligand, should also affect motion and flexibility pa-
rameters at more distal loci. The results reveal distinct modes
of molecular motion in the individual regions examined. Also,
the very limited effects of ligand binding upen anisotropy decay
suggest uncoupled movements of the regions examined, a find-
ing consistent with a model for transient gorge openings that is
dominated by random segmental movements.

EXPERIMENTAL PROCEDURES

Materials—Acetylthiocholine iodide, 5,5'-dithio-bis(2-nitrobenzoic
acid) (Ellman’s reagent), dithiothreitol, and tacrine (9-amino-1,2,3,4-
tetrahydroacridine hydrochloride hydrate) were purchased from Sigma.
Fluorescein 5-maleimide (FM) and 5-iodoacetaminofluorescein (IAF)
were obtained from Molecular Probes. Fasciculin 2 (purified from the
venom of Dendroaspis angusticeps) was a gift of Dr. Pascale Marchot
(University of Marseille, France). Drs. Yacov Ashani and Bhupendra P.
Doctor (Walter Reed Army Research Center, Washington, D. C.) kindly
provided 7-{{(methylethoxy)phosphinyll-oxyl}-1-methylquinolinium io-
dide. All other chemicals came from commercial sources and were, at
least, reagent grade.

Enzyme Preparation—Mutagenesis procedures to generate the cys-
teine-substituted mutants are described elsewhere (22). Briefly, cDNAs
encoding a monomeric form of the mouse enzyme truncated at position
548 were placed in the mammalian expression vector, pcDNAS3 (Invitro-
gen), and were subjected to PCR-mediated (QuikChange™, Stratagene)
mutagenesis. Restriction enzyme analyses allowed detection of the mu-
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tations. To ensure the absence of spurious mutations, cassettes encom-
passing the mutated site were subcloned into pcDNAS3 vectors that had
not been exposed to the mutagenesis procedure, and their nucleotide
sequences were verified by double stranded sequencing.

Human embryonic kidney (HEK 293) cells, purchased from American
Type Culture Collection (Manassas, VA), were plated in Dulbecco’s
modified Eagle’s medinm supplemented with 10% fetal bovine serum at
a density of 1.5 X 10° cells per 10-cm dish, 24 h prior to transfection.
Standard HEPES/calcium phosphate precipitation methods were used
to apply 10 ug of plasmid DNA per plate to the cell monolayers. The
next day, cells were rinsed with phosphate-buffered saline and supplied
with serum-free media for continued growth (Ultraculture, Bio-Whi-
taker, Walkersville, MD). Large scale productions of mutant enzymes
entailed creation of stable cell lines that exhibited G418 (Gemini Bio-
Products, Woodland, CA) resistance following cotransfection with a
neomycin resistance gene as described elsewhere (22, 23). Harvests of
mutant AChE in serum-free media from confluent cells in three-tiered
flasks (Nalge Nunc Int., Rochester, NY) typically continued for several
weeks after which expression levels began to decline.

Affinity chromatography with trimethyl (m-aminophenyl)ammo-
nium linked through a long tether arm to Sepharose CL-4B resin
(Sigma) permitted one-step purification of AChE, both mutant and
wild-type in amounts between 5 and 25 mg, as previously described
(24-26). Purity was assessed by SDS-PAGE and by comparisons of
specific activity with absorbance at 280 nm to measure protein concen-
tration (6550 = 1.14 X 107 M~ em™2 (27)).

Catalytic Activity—The catalytic activity of each unlabeled and la-
beled mutant was measured with the Ellman assay (28). K, and K
(the dissociation constant of a ternary complex resulting in substrate
inhibition or activation) were evaluated as described in previous kinetic
schemes (23). The x intercept of a plot of the residual catalytic activity
versus the concentration of the irreversible inhibitor 7-[[(methylethoxy)-
phosphinyl]-oxyl]l-1-methylquinolinium iodide yielded the enzyme con-
centration, and, in turn, %, (29).

Fluorescein Labeling—The mutant enzymes were pretreated with
0.25 mym dithiothreitol for 30 min at room temperature to ensure that all
of the free cysteines were reduced, and free dithiothreitol was removed
with a G-50 Sephadex spin column (Roche Diagnostics) equilibrated in
0.1 M sodium phosphate buffer, pH 7. FM and IAF were dissolved in
dimethylformamide to make stock concentrations between 6 and 15 mu.
The thioreactive probes, FM and IAF, at 100 times the enzyme concen-
tration, were added to the enzyme solutions to achieve either a 3-fold
molar excess in the case of the A262C mutant or a 20-fold molar excess
in the case of the T249C and H287C mutants. Labeling was allowed to
proceed for 12 h at 4 °C for the A262C mutant and for 2 h at 37 °C for
the T249C and H287C mutants.

Unconjugated fluorescein derivatives were removed by gel-filtration
with G-25 Sephadex (Amersham Biosciences), equilibrated with 0.1 M
sodium phosphate buffer, pH 7. Parallel labeling reactions with wild-
type mouse AChE were performed to assess nonspecific labeling. Stoi-
chiometries of fluorescein-labeled mutants were estimated spectropho-
tometrically by substitution of the measured absorbance values at 280
nm {A,4,) and 495 nm (A 45) into the following expression.

Ayps/83,000
" (Ao — 0.184,4;//114,000

[Fluorescein]
[AChE]

(Eq. 1)

Steady-state Emission—Steady-state emission spectra were meas-
ured at room temperature using a FluoroMax II spectrofluorometer
(Jobin Yvon Inc., Edison, NJ).

Time-resolved Fluorescence Anisotropy—Emission anisotropy was
determined by time-correlated single photon-counting measurements
(30) with an IBH (Edinburgh, UK) 480-nm NanoLED™ flash lamp run
at 1 MHz and IBH model TBX-04 photon detector. The vertically [I(#)]
and orthogonally [, (#)] polarized emission components were collected
by exciting samples with vertically polarized light while orienting the
emission polarizer (Polaroid HNPNB dichroic film) in either a vertical
or orthogonal direction. Excitation and emission bands were selected

_ with an Oriel 500-nm short-pass interference filter (catalog number

59876) and a Corning 3-68 cut on filter with a half-maximum trans-
mission of 540 nm, respectively. Typically, 2 X 10* peak counts were
collected (in 1-2 min) when the emission polarizer was vertically ori-
ented. The orthogonal emission decay profile was generated over the
same time interval that was used to generate the vertical emission
decay profile. Samples were held at 22 °C. To minimize convolution
artifacts, flash lamp profiles were recorded by removing the emission
filter and monitoring light scatter from a suspension of latex beads. The
data analysis software corrected the wavelength-dependent temporal
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dispersion of the photoelectrons by the photomultiplier. The polariza-
tion bias (G) of the detection instrumentation was determined by meas-
uring the integrated photon counts/6 X 10° lamp flashes while the
samples were excited with orthogonally polarized light and the emis-
sion was monitored with a polarizer oriented in the vertical and orthog-

The emission anisotropy decay, r(¢), given by the expression,

© = L) ~ G1.0) (Eq. 2)
" I T 20T, o
and total emission decay, S(¢), for a macroscopically isotropic sample,

S = It) + 2G-1, () (Eq. 3)

were deconvolved simultaneously from the individual polarized emis-
sion components expressed as,

St
I = ——% [1+2r()] (Eq. 4)
and the following.
8(t)
I,(t)= T[l = r(t)] (Eq. 5)

Thus, both I(t) and I, (¢) are determined by the same fitting functions,
S() and r{t), and fitting parameters.

The fluorescence lifetimes for each sample were determined by ini-
tially generating a total emission decay profile from I(#) and I, (#) with
Equation 3 and then globally fitting I(¢) and I,(?) decay profiles to
Equations 4 and 5 with the lifetime parameters fixed and with the
following anisotropy decay expression.

r(t) = rofwexp( — Uy + roll — fpexpl — oy  (Eq. 6)

Here, ry is the amplitude of the anisotropy at time 0, £,;, is the fraction
of the anisotropy decay associated with the fast decay processes, and ¢
is the rotational correlation time of the anisotropy decay. The subscripts
fast and slow denote the fast and slow decay processes, respectively. A
nonassociative model was assumed, indicating that the emission relax-
ation times are common to all the rotational correlation times. The
fluorescence data were analyzed using the Globals software package
developed at the Laboratory for Fluorescence Dynamies at the Univer-
sity of Illinois, Urbana-Champaign. Goodness of fit was evaluated from
the values of the reduced xZ and by visual inspection of the weighted-
residual plots.

To better define the uncertainty of the measured slow, presumably
whole body, rotational correlation times, a range (not a mean * 8.D.) of
Paow values was determined for each data set that produced a reason-
ably acceptable fit to the anisotropy decay. Specifically, a unidimen-
sional search procedure was performed that involved directed searches
along the ¢, parameter axis, not allowing other fitting parameters to
vary, to find the minimum and maximum ¢, values that raised the x2
values by 5%.

Estimation of Stokes’ Radius—The Stokes’ radius of wild-type AChE
was estimated by gel filtration with a Superdex 200 HR 10/30 column
(Amersham Biosciences) equilibrated with 0.1 M ammonium acetate
buffer, pH 7.2. The elution volumes of wild-type AChE and proteins
with known Stokes’ radii were measured. The estimated value of the
wild-type AChE Stokes’ radius of wild-type AChE was read from a curve
derived using the known Stokes’ radii and the elution parameters of the
standards, following the equation of Porath (31).

Molecular Dynamic Simulations of FM-H287C Mutant—A series of
short, 3-ps molecular dynamic simulations were performed on the
mouse AChE-fasciculin complex coordinates (Protein Data Bank code
1KUS6) with FM attached to Cys®®7 to assess the effects of bound fasci-
culin on the torsional rotation of the succinimidylthioether (maleimide)
tether arm connecting the fluorescein reporter group to the a-carbonyl
backbone. The hydrogens were added in InsightIl prior to calculations,
and the pH was set to 7.0. Sets of 21 molecular dynamic simulations
were run with an SGI Octane computer (Silicongraphics, Inc., Moun-
tain View, CA) using the Discover 2.9 module within the InsightIl
2000.1 computer program {Accelrys, San Diego, CA), both in the pres-
ence and absence of fasciculin. With the exception of the 19 AChE
residues (from GIn*™ to Phe®”") forming a surface loop, including FM
attached to Cys®’, all the atoms of mouse AChE and fasciculin were
“frozen” during simulation. No water was present, the dielectric con-
stant was set to 80, and the structure was not minimized prior to the

Acetylcholinesterase Dynamics

w e
[=] (=]
T T

log (PHOTONS)
»
2

ANISOTROPY

0.0 -

1] 1 (.)0 2(.)0 300
CHANNEL {103 ps/channel)
FiG. 2. Emission and anisotropy decay of the FM-T249C mouse
AChE mutant. The upper panel shows the parallel (@) and perpendic-
ular (+) emission decays (single data points), the fit of these data points
to a single exponential decay equation (smooth lines), and the flash
lamp profile (dashed line). The lower panel shows the time-resolved
anisotropy decay (+), and a solid line through these points that was
generated with the best-fit parameters (Table I) for a double exponen-

tial nonassociative decay model (Equation 6). The concentration of the
labeled mutant was 150 nM.

subsequent molecular dynamic simulations. The protocol included ini-
tial equilibration of the system at 300 K, heating to 700 X, then slow
cooling in 50-K increments back to 300 K, followed by minimization of
the system. ’

RESULTS

Characterization of Unlabeled and Labeled Mutants—SDS-
PAGE analysis of the labeled and unlabeled mutants revealed
a single, wide band of silver staining migrating with the vari-
ably glycosylated wild-type mouse AChE. Comparison of the
steady-state emission from labeled mutants and parallel, wild-
type AChE showed 6-7% nonspecific labeling. Based upon
spectrophotometric ratios, stoichiometries of labeling for the
labeled mutants were: T249C, 0.2 = 0.04; A262C, 0.4 = 0.1; and
H287C, 0.3 = 0.06. The K, K, and %_,, values for the cysteine
mutants, the conjugated cysteine mutants, and wild-type
AChE preparations were within experimental error of each
other (data not shown). Because labeling was not stoichiomet-
ric, we also locked for a fractional component in the substrate
concentration dependence curves that showed a different K,,,,
but were unable to detect two components in the curves. More-
over, titration with both tacrine and fasciculin produced virtu-
ally complete inhibition of catalytic activity of the labeled mu-
tants with similar K; values as observed for the wild-type
AChE. Together, these findings indicate that labeled mutants
fold correctly despite cysteine substitution and reporter group
conjugation at these positions.

Fluorescence Emission—The uncorrected emission (517 + 1
nm) and excitation (494 = 1 nm) maxima for the conjugated
enzymes are typical of fluorescein in an aqueous environment.
Neither fasciculin nor tacrine had a significant effect upon the
excitation or emission spectra of either the T249C or A262C
conjugates; however, fasciculin red shifted slightly (2-3 nm)
the emission spectrum and enhanced the apparent quantum
vield by ~12% of the JAF-labeled H287C mutant, indicating a
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TasLe I
Effect of fasciculin and tacrine on the anisotropy decay parameters of FM-labeled mouse ACRE mutants
Data are shown as mean (+=8.D.) from at least three determinations. The vertically and orthogonally polarized emission decays were initially
analyzed for the S(#) parameter (Equation 8), and then for the r(t) parameter (Equation 6) with the Globals Unlimited™ computer program. The
experimental details are described under “Experimental Procedures.” The mutants were present at the following concentrations: FM-T249C, 150
na; FM-A262C, 190 ny; FM-H287C, 135 nM. To ensure saturation of enzyme with inhibitors, concentrations of fasciculin (4.7 to 5.7 uM) and tacrine
(40 pum) were 10-fold over the total enzyme concentration and at least 100-fold over the K, of tacrine or fasciculin for wild-type mouse AChE.

Mutant Inhibitor ro? fu Brast” baton! e o
ns ns ns
T249C None 0.30 = 0.01 0.32 + 0.01 12 %02 34--49 1.3 425 =x0.01
Fasciculin 0.30 = 0.01 0.33 = 0.01 1.3+03 35-49 1.3 4.16 = 0.01
Tacrine 0.31 + 0.03 0.33 = 0.01 1.0 204 33-48 1.2 4,26 + 0.01
A262C None 0.29 + 0.03 0.47 + 0.01 0.8 02 4172 15 4.26 = 0.01
Fasciculin 0.29 = 0.02 0.47 * 0.01 0.8 x0.2 43-71 14 4.27 = 0.01
Tacrine 0.28 = 0.02 0.46 = 0.01 0.8 +0.2 40-63 1.5 4.27 = 0.01
H287C None 0.30 = 0.01 0.50 = 0.01 09=01 31-44 1.3 4.11+0.01
Fasciculin 0.30 = 0.01 0.34 = 0.01 18=x0.1 36-49 1.2 4.28 + 0.02
Tacrine 0.32 = 0.03 0.49 + 0.01 0.9 £ 0.2 29-41 14 4.10 = 0.01

“ The time 0 anisotropy.

® The fraction of the observed anisotropy decay associated with the fast depolarization processes.

¢ Fast rotational correlation time,

9 The range of the slow rotational correlation times that yield , values 5% above the minimum.

¢ The reduced x2.

f Geometric averaged lifetimes (Soy7,,

where 3; = 1).

ligand-induced change of the microenvironment around the
reporter group attached to the H287C site of conjugation (data
not shown).

Estimation of Rotational Correlation Times—From the gel
filtration measurements, wild-type AChE was estimated to have
a Stokes’ radius of 51 A. Substituting this value into the Stokes-
Einstein equation yielded a rotational correlation time of 128 ns.

Time-resolved Fluorescence Anisotropy of FM Conjugates—
For brevity, the emission and the anisotropy decay profiles of
only the FM-T249C conjugate are illustrated (Fig. 2). The time
course of emission decay of each mutant examined was well fit
to a biexponential decay model. For simplicity, only the geo-
metric averaged excited state lifetimes are summarized (Table
I) and ranged between 4.11 and 4.26 ns. The actual range of
short and long wavelength emission lifetimes for the various
nonliganded mutants were 4.26-4.82 and 2.98-4.01 ns, re-
spectively. The amplitudes of the longer lifetime components
ranged between 31 and 87% of the total decay amplitude (data
not shown).

Time-resolved fluorescence anisotropy directly monitors the
reorientation of the emission transition dipole moment of a
fluorescent reporter group in the picosecond/nanosecond time
domain. When conjugated to a specific protein side chain, the
I(#) and I, (¢} emission profiles are usually well fit to a model-
free nonassociative biexponential equation (Equation 6). Under
conditions where the protein-conjugated reporter group dif-
fuses relatively freely at the end of its tether arm and where
there are no significant internal motions in the time domain
between the whole body diffusion and loecal backbone move-
ments, the main types of motions (tether arm, local backbone,
and whole body) should be resolvable from each other and are
represented in the basic elements of the biexponential equation
(time 0 amplitude, ry), the rotational correlation time, and
fractional amplitude of the fast components (¢, and f,;) and
slow rotational correlation time (¢y,,) processes (32). In the
present case, the whole body rotational correlation time pre-
dicted by the Stokes-Einstein equation (128 ns) is slower than
the observed ¢, values, which ranged between 31 and 72 ns
(Table 1). This disparity may reflect the existence of internal
motions of intermediate decay rates that obscure the depolar-
ization from whole body rotational diffusion or arise from the
inherent limitation of quantifying rotational diffusion times
that are more than 10 times slower than the emission lifetime
of the reporter group.

Visual comparison of the time-resolved anisotropy decays of
the three mutants (Fig. 8) shows that the fluorescein attached
to A262C and H287C mutants reorients (depolarizes) more
rapidly than the fluorescein attached to the T249C mutant, but
with similar time O anisotropy values. Quantitatively, these
similarities and differences were primarily observed in the
fractional amplitude of the measurable fast decay processes
(fs)- The f,; values for the FM-A262C and FM-H287C conju-
gates represent about half of the resolvable anisotropy decay
(0.47 and 0.50, respectively), but only a third (0.32) of the
FM-T249C mutant. The values for the time 0 anisotropy (r;
range 0.29-0.30) and the fast rotational correlation time (dg,y;
range 0.8-1.2 ns) were essentially the same for all the mutants
studied. Taken together, these results indicate a high level of
a-carbon flexibility around each residue examined, although
the Thr?*® residue is significantly less flexible than the Ala®6?
and His?®" residues.

Influence of Ligand Binding on Anisotropy Decay of FM
Conjugates—Active and peripheral site inhibitors, tacrine and
fasciculin, respectively, were bound to AChE at a concentration
of at least 100 times their dissociation constants to ensure
>99% occupation (23, 33). Alteration in the decay of anisotropy
was observed only upon binding of fasciculin to FM-H287C
mutant (Table I and Fig. 4). Specifically, fasciculin reduced the
amplitude of the fast decay process by 32% and doubled the fast
decay time without significantly affecting either the time 0
anisotropy or the slow decay, presumably reflecting whole body
rotational diffusion (Table I). Additionally, some fasciculin-
induced change in the microenvironment of the fluorophore is
evident, because fasciculin increased slightly the emission life-
time (from 4.11 to 4.28 ns, Table I) and caused a 2-3-nm red
shift in the emission maximum of the fluorescein (data not
shown). These results suggest that, whereas the microenviron-
ment around the reporter group changed slightly, the tether
arm motions of the reporter group were not significantly hin-
dered by a direct interaction with bound fasciculin. The fasci-
culin-induced alterations in anisotropy decay, therefore, result
from reduced segmental flexibility around H287C at the edge
or rim of the active site gorge.

This interpretation is supported by molecular dynamic sim-
ulations of the mouse AChE coordinates with FM attached to
H287C in both the presence and absence of fasciculin. Visual
examination of the pattern of positions of FM at the end of
these simulations (Fig. 5) shows only a small difference pro-
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Fic. 3. Anisotropy decays of FM-T249C, FM-A262C, and FM-H287C mouse AChE mutants. Shown are the time-resolved anisotropy
decays (single data points), and the solid lines through these points that were generated with the best-fit parameters (Table I) for a double
exponential nonassociative decay model (Equation 8). The peak of the flash lamp profile arbitrarily defined the zero time point. The concentrations
of FM-T249C (+), FM-A262C (W), and FM-H287C (®) were 150, 190, and 135 nwm, respectively.
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Fic. 4. Effect of fasciculin and tacrine on the anisotropy decay
of the FM- and IAF-labeled H287C mutants. The time-resolved
anisotropy decay (single data points) and the solid lines through these
points were generated with the best-fit parameters (Table II) for a
double exponential nonassociative decay model (Equation 6). Data
points represent enzyme without inhibitors (@), with tacrine (+), or
with fasciculin ({). The peak of the flash lamp profile arbitrarily de-
fined the zerc time point. The concentrations of FM-H287C, JAF-
H287C, fasciculin, and tacrine were 135 nm, 145 nM, 4.7 uM, and 40 pMm,
respectively.

o &5 10 15

duced by the presence of fasciculin. The pattern of final posi-
tions of FM appears slightly more spherical in the absence of
fasciculin. Quantitatively, the mean distance in movements of
the C, of Cys?® from its initial position was 2.6 = 1.9 A (for
FM-mouse AChE alone) and 0.96 *+ 0.59 A for FM-mouse AChE
complexed to fasciculin. These findings support the experimen-
tal results that fasciculin significantly lowers flexibility of the
C, at position 287.

Anisotropy Decay with IAF—To confirm that the changes in
anisotropy decay induced by fasciculin were not unique to the
tether arm, we also examined the influence of fasciculin and
tacrine on the anisotropy decay parameters of an IAF-H287C
mutant conjugate. The anisotropy decay profile of this conju-
gate was very similar to the FM conjugated to the same posi-
tion, where fasciculin, but not tacrine, reduced the amplitude
and slowed the rate of the fast depolarization processes (Fig. 4
and Table II). Thus, the influence of fasciculin on the decay
parameters appears independent of the tether arm joining flu-
orescein to the cysteine side chain. Here, the length of the
tether arms of both conjugates are the same, but the FM
derivative with its succinimidylthioether linkage should have
less torsional freedom than the acetamidothioether linkage of
the TAF conjugate.

DISCUSSION

The apparent paradox of diffusion-limited catalysis of esters
occurring within the confines of a narrow gorge in AChE has
prompted computational and mutational investigations into

FiG. 5. Molecular dynamic simulations of the effect of fasecicu-
lin binding on the torsional movements of Cys®®” and attached
FM. Twenty-one 3-ps simulations were performed on the x-ray coordi-
nates of the mouse AChE-fasciculin complex with FM attached to

Cys®7 in the presence (A and C) and absence (B and D) of fasciculin as

described under “Experimental Procedures.” Only the residues between
GIn?™ and Phe®*" and attached FM were allowed to move; the rest of
mouse AChE and fasciculin atorns were “frozen” for the simulations.
The positions of the FM bonds and the GIn?"® {o Phe®®” backbone are
shown in a different color for each simulation. Transparent Connolly
surfaces of mouse AChE and fasciculin are shown in gray and brown,
respectively. In panels C and D, the views of the positions of the FM
bonds and the GIn?™ to Phe?” backbone are rotated by ~60° around the
vertical axis and enlarged from the panel (A and B) above.

the dynamics of substrate entry and product egress from the
active center. Although alternative entry routes have been
suggested from molecular dynamic calculations (9-11), muta-
tional studies have not supported additional entry or exit por-
tals for the charged substrate or product (12, 13). Accordingly,
more recent computational studies have been directed to ana-
lyzing how conformational flexibility within AChE may give
rise to greater access to the active center than is evident in the
static crystal structure (16). The current investigation of decay
of anisotropy of site-directed fluorophores presents an ap-
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Tapre II
Effect of fasciculin and tacrine on the anisotropy decay parameters of IAF-labeled H287C mouse AChE mutant
Data are shown as mean {(£8.D.) from at least three determinations. The mutant was present at a concentration of 145 nm . To ensure saturation
of enzyme with inhibitors, concentrations of fasciculin (4.7 M) and tacrine (40 um) were 10-fold over the total enzyme concentration and at least

100-fold over the K; of tacrine or fasciculin for wild-type mouse AChE.

Condition o fut b bt 5,2 o

ns ns ns
None 0.32 + 0.02 0.42 = 0.01 1.1 0.2 22-29 1.3 3.83 = 0.02
Fasciculin 0.34 = 0.01 0.29 = 0.01 1.5+ 0.3 23-29 1.3 4.04 = 0.03
Tacrine 0.30 = 0.02 0.44 = 0.01 1.3 +0.2 23-30 14 3.80 = 0.01

“The time zero anisotropy.

® The fraction of the observed anisotropy decay associated with the fast depolarization processes.

¢ Fast rotational correlation time.

9 The range of the slow rotational correlation times that yield ¢, values 5% above the minimum.

“ The reduced 1,2
f Geometric averaged lifetimes (S, where o, = 1).

proach to extending analysis of conformation from static equi-

librium measurements of fluorescence to time-resolved analy-

sis in the picosecond to nanosecond time frame.

Time-resolved fluorescence anisotropy enables one to moni-
tor directly reorientation of a fluorophore in the time frame of
several excited state lifetimes. When a fluorophore is tethered
to the macromolecule, depolarization is achieved by multiple
relaxation modes that most likely occur in distinct time frames.
Torsional motion around the tether arm, if unhindered, will
occur in a subnanosecond time frame, not resolvable with com-
mercial instruments. Restriction of motion around the tether
will diminish the amplitude and slow the decay rate of this
phase. Segmental motion of a domain within the molecule
containing the fluorophore will give rise to a fast, but usually
measurable depolarization; the rate and amplitude of which
will depend upon the mass of the domain, the extent of the
angular excursion, and the orientation of the absorbance/emis-
sion transition moments relative to the diffusion cone angle.
Finally, global motion of the entire protein where the fluoro-
phore is affixed to the macromolecule will in most cases pro-
duce the slowest rate of anisotropy decay. The latter will be
governed by the multiple rotational correlation times of the
macromolecule, which are not resolvable unless the molecule is
highly dimensionally asymmetric.

Decay of Anisotropy of the FM Conjugates—The structure of
the small Q-loop bounded by the disulfide bond at Cys®*” and
Cys*"? is not well resolved in AChE crystal structures unless
the loop is stabilized by interaction with the symmetry related
molecule (34). The large thermal or B factors for this region in
the crystal structures suggest that the tip of this disulfide loop
is either highly flexible or experiences static disorder in the
crystal (35). Indeed, when FM is conjugated to A262C, the
amplitudes of the very fast (r, — ry) and fast (rof,,) decay
phases represent ~17 and 39% of the total anisotropy decay,
where r; is the fundamental anisotropy of the fluorophore.
Hence, independent motions of the fluorescein tether arm
through torsional motion (r; — ry) and flexible domain motion
(ro — fi») in the AChE molecule are the dominant modes of
anisotropy decay at the 262 position.

When fluorescein is attached to the H287C mutant, we note
similar amplitudes for the very rapid and rapid decay phases,
14 and 43%. Again, the major mode of depolarization of the
fluorescein conjugated at position 287 occurs by modes other
than the global rotation of the molecule. The average crystal-
lographic B factors for the a-carbon chain atoms of residue
His?®” are far smaller than that seen for residue 262 (Table III).
The disparity between B factors at the 287 and 262 positions, in
the face of similar large components of rapid depolarization of
the attached fluorescein, suggests either that His?®®’ is stabi-
lized in the crystalline state or that the large average B factors
associated with Ala®? arise from a equilibrium (.e. static dis-

Tapre HI
Comparison of the average main chain atom crystallographic B
factors for residues Thr?*®, Ala®®?, and His?®

Residue B factor® Normalized B factor”
Thr4® 19.6 -1.74
Ala?62 79.2 1.83
His?%7 33.9 —-0.88

“The B factors listed here are the average main chain atom values
(amino nitrogen, carboxy carbon, and « carbon) of the indicated residue
for chain A of the tetrameric erystal structure of mouse AChE (Protein
Data Bank code 1IMAA (34)).

® Calculated by subtracting the average main-chain atom B factors of
all residues forming chain A (average equals 48.59) from the average
main chain atoms of the indicated residue and then dividing by the
standard deviation of the B factors of all residues forming chain A
(standard deviation equals 16.67).

order) between multiple positions of the small Q-loop in the
crystal structure. Stabilization of His?®? by crystallization
forces could be part of the process that favors a closed gorge
state in the crystal and explains why no open gorge crystal
structures of AChE have been observed.

By contrast, when fluorescein is conjugated at T249C, a
smaller fraction of the anisotropy decay occurs by the rapid
modes, 14 and 27%. This difference most likely arises from a
more structured «-carbon backbone in the vicinity of Thr?*®, a
region shown to be helical in the crystal structure (Ala®4:-
Val?%%) (34).

Influence of Ligand Binding on the Anisotropy Decay Param-
eters—To examine whether ligand binding influences anisot-
ropy decay and hence dynamic parameters at various locations
near the active center gorge, we initially selected two ligands
whose complexes with AChE have been determined crystallo-
graphically. Tacrine binds at the active center at the base of the
gorge with its aromatic ring system stacked between the indole
moiety of Trp®* and the phenyl ring of Phe3° in Torpedo AChE
(36) corresponding to Trp 86 and Tyr 337 of mouse AChE. In
fact, the latter residue shows a conformational movement as-
sociated with tacrine binding causing a parallel stacking of the
tacrine ring between the two aromatic side chains. By contrast,
fasciculin, a peptide of 61 amino acids, associates at the mouth
of the gorge greatly limiting ligand access to the catalytic
center (4, 37). The AChE crystal structure shows that His?®’
approaches a van der Waals distance to the bound fasciculin
residues.

The binding of tacrine, despite it being inhibitory to all of the
conjugated enzymes, has no effect on the lifetime or anisotropy
decay parameters for fluorescein conjugated at positions 249,
262, and 287. Hence, this result would indicate that ligand
binding does not cause a global conformation change that
would be evident at these three disparate locations on the
macromolecule. However, this finding does not preclude li-
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gands inducing changes in conformation and side chain mobil-
ity in regions of the AChE molecule that are not reflected in our
three labeling positions (11, 18, 19, 38).

Fasciculin, which binds with a K, for the wild-type enzyme in
the range of 4 pM (33) and whose crystal structure shows a van
der Waals peptide to protein contact area of 1100 A% (), also
does not affect the anisotropy decay parameters at positions
262 and 249. However, conjugated fluorescein at position 287
shows a small change in the Stokes’ shift and emission lifetime,
and a major change in the decay of anisotropy. The reduction of
the amplitudes of the rapid decay phases and the slowing of the
rapid decay phase likely reflect a small torsional restraint on
the tethered fluorescein and a stabilization of movement of the
loop encompassing residue 287 produced by the bound
fasciculin.

The differential influence of fasciculin on the anisotropy
decay of three fluorophores positioned in distinct locations on
the AChE molecule, again, indicates that this ligand does not
induce global changes in the conformational dynamics of the
enzyme. Based on the limited number of sites examined, fasci-
culin appears to have stabilized a local domain of the molecule
reducing the intrinsic flexibility in the region around His?®”
and probably in neighboring areas of direct contact.

Implications—These results combined with our previous
analysis of the segmental dynamies of three sites on the Cys®-
Cys®® Q-loop (20) paint a consistent picture of AChE with
conformationally active surface backbone elements whose
movements are poorly coupled to one another. Such a confor-
mationally dynamic structure supports a model for transient
gorge openings that is dominated by random segmental
movements.

Also, the above studies further demonstrate the potential of
time-resolved studies of fluorescence anisotropy to examine
molecular motion in distinct regions of a molecule and its
ligand-associated complexes whose overall structural template
has been delineated through x-ray crystallography. The prin-
cipal advantages of the technique stem from measurements
conducted in solution and under conditions simulating ligand
binding in situ. Cysteine substitution mutagenesis enables one
to select individual side chains in strategic regions of the mol-
ecule and examine each locus in a systematic fashion with
multiple fluorophores. The individual fluorophores selected for
conjugation can differ in lifetime, spectroscopic parameters,
and capacity to modify the substituted cysteines. Hence, a
comprehensive analysis of time-resolved fluorescence typically
requires analysis of a variety of residue positions often with
more than a single probe. This presents a particular challenge
for larger extracellular proteins because their production usu-
ally requires eukaryotic expression systems that typically yield
limited quantities of protein. Also, glycosylation and intrinsic
disulfide bonds characteristic of extracellular proteins may add
further complexity to achieving appropriate expression. Our
study establishes that the residue-directed fluorophore ap-
proach to labeling can yield valuable information even when
the macromolecule is a large glycosylated protein.

In summary, we have extended our previous study of the
conformational dynamics of the AChE Cys®-Cys®® Q-loop, a
segment that forms the outer wall of the active center gorge, to
include three additional sites positioned roughly in a line that
starts at the rim of the gorge across from the -loop and
projecting radially ~20 A away from the gorge. Similar to our
previous study, site-directed labeling in conjunction with time-
resolved fluorescence anisotropy was utilized. The results re-
veal both distinct modes of molecular motion as well as a high
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degree of backbone flexibility. Additionally, there appears to be
limited coupling of the conformational fluctuations between the
sites examined, because ligand binding only affected the one
site that was in close proximity to the bound inhibitor. This
indicates that ligand association did not produce global
changes in the conformational flexibility of the enzyme. More-
over, these results combined with our previous analysis of the
conformational dynamics of the Cys®*~Cys®® Q-loop add sup-
port to the view that the area around the active center gorge
rim is conformationally active and is consistent with a model
for transient gorge openings that are dominated by random
segmental movements.
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Adducts by MALDI-TOF Mass Spectrometry®
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ABSTRACT: A sensitive matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry procedure has been established for the detection and quantitation of acetylcholinesterase
(AChE) inhibition by organophosphate {OP) compounds. Tryptic digests of purified recombinant mouse
AChE (mAChE) were fractionally inhibited by paraoxon to form diethyl phosphoryl enzyme. The tryptic
peptide of mAChE that contains the active center serine residue resolves to a molecular mass of 4331.0
Da. Phosphorylation of the enzyme by paraoxon results in covalent modification of the active center
serine and a corresponding increase in molecular mass of the tryptic peptide by 136 Da. The relative
abundance of AChE peptides containing a modified active center serine strongly correlates with the
fractional inhibition of the enzyme, achieving a detection range of phosphorylated to nonphosphorylated
enzyme of 5—95%. Modifications of AChE by OP compounds resulting in dimethyl, diethyl, and diisopropyl
phosphoryl adducts have been monitored with subpicomole amounts of enzyme. The individual
phosphorylated adducts of AChE that result from loss of one alkyl group from the inhibited enzyme (the
aging reaction) and the reappearance of unmodified AChE (spontaneous reactivation) have been resolved
by the kinetic profiles and relative abundance of species. Further, the tryptic peptide containing the active
center serine of AChE, isolated from mouse brain by anion-exchange and affinity chromatography, has
been monitored by mass spectrometry. Native brain AChE, purified from mice treated with sublethal
doses of metrifonate, has demonstrated that enzyme modifications resulting from OP exposure can be
detected in a single mouse brain. For dimethyl phosphorylated AChE, OP exposure has been monitored
by the ratio of tryptic peptide peaks that correspond to unmodified (uninhibited and/or reactivated), inhibited,
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and aged enzyme.

Acetylcholinesterase (AChE;! EC 3.1.1.7) is a serine
hydrolase that regulates cholinergic neurotransmission in the
peripheral and central nervous systems by hydrolyzing
acetylcholine with a remarkably high catalytic efficiency.
Mammalian AChE is encoded by a single gene that is
alternatively spliced to yield molecular isoforms that differ
in tissue-specific expression, solubility, and mode of mem-
brane attachment (/, 2). The catalytic triad of AChE contains
aligned serine, histidine, and glutamate residues. It is well
established that the catalytic activity of AChE is inhibited
by organophosphates (OPs), a diverse group of compounds
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tylcholinesterase; ACP, active center peptide of acetylcholinesterase;
ATCh, acetylthiocholine; MALDI-TOF MS, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry; OPs, organo-
phosphates; DFP, diisopropyl fluorophosphate; paraoxon, diethyl p-
nitropheny! phosphate; DDVP, O,0-dimethyl 0-(2,2,-dichlorovinyl)
phosphate; metrifonate, (2,2.2-trichloro- [-hydroxyethyl)phosphonic acid
dimethyl ester; BSA, bovine serum albumin.
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commonly used as pesticides as well as chemical warfare
agents. The inhibition of AChE by OP compounds involves
phosphorylation of the active site serine residue and the
formation of stable phosphoryl AChE adducts (3). Subse-
quent reactions that occur spontaneously with OP—AChE
conjugates include dephosphorylation of AChE to generate
reactivated enzyme and dealkylation of phosphorylated
AChE, by a unimolecular process referred to as aging (4,
5), to result in enzyme that is irreversibly inactivated.

Mechanisms of phosphorylation, reactivation, and aging
of AChE by OP compounds have been extensively studied.
Site-directed mutagenesis, molecular modeling, and kinetic
studies have been used to determine reaction rate constants
and elucidate important structural determinants for the
interaction of OPs with AChE (references cited in ref 6).
Aged phosphoryl enzyme conjugates have been directly
observed of ACHE inhibited by soman, sarin, methyl
phosphonotluoridate, and DFP using NMR studies (7) and
X-ray crystallography (8). Mass spectrometric approaches
have been used to investigate the reaction pathways for OP-
mediated AChE inhibition. The reaction products of AChE
phosphorylation and aging of the OP—AChE conjugates with
tabun and analogues, methamidophos, and other methyl
phosphonofluoridates have been resolved (9—11). The mech-
anism of AChE inhibition by (15,35)-isomalathion (/2) and
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Chart 1:  Structures of Organophosphates”

Q. F o
)\ R /k \o /O‘Q‘Nf\

o O “Pa [0]
DFP

/?I ’

Paraoxon
Cl cl, Cl

o (0]
\ i /“( Cl

O—E’—O cl \O—;%
(ONG O OH
DDVP Metrifonate

@ Chemical formulas of the organophosphate AChE inhibitors: DFP,
diisopropy! fluorophosphate; paraoxon, diethyl p-nitrophenyl phosphate;
DDVP, 0,0-dimethyl O-(2,2-dichlorovinyl) phosphate; metrifonate,
(2,2,2-trichloro-1-hydroxyethyl)phosphonic acid dimethyl ester.

products of aged soman-inhibited AChE (/3) have also been
reported.

In the current work, a MALDI-TOF mass spectrometric
procedure has been established for the sensitive detection
and quantitation of AChE inhibition by DDVP, paraoxon,
and DFP (Chart 1). The quantitation of analytes by MALDI-
TOF MS has been reported for proteins and peptides (14—
16) as well as low molecular mass species as substrates and
products of biocatalytic reactions (/7). In this study, the
relative signal intensities for the tryptic peptides of AChE
that contain the active center serine residue, unmodified or
phosphorylated by OP treatment, have been monitored
kinetically, quantitated, and compared to activity measure-
ments as determined by standard methods (/8). Modifications
of the active center serine of AChE by OPs have been
observed with subpicomole amounts of enzyme, and the
analysis has proved a reliable means to determine the
fractional inhibition of enzyme activity. It is demonstrated
that AChE modifications by OPs can be quantified by
MALDI-TOF MS. Moreover, the relative abundance of OP-
inhibited AChE that has spontaneously reactivated and
phosphory! conjugates that have undergone aging have been
resolved at specific time intervals.

The study of OP—AChE conjugates has been extended to
an in vivo system, where endogenous AChE isolated from
mouse brain tissue has been analyzed by mass spectrometry
to detect phosphoryl enzyme adducts that result from
exposure of mice to OPs. In previous studies, endogenous
AChE has been purified from vertebrate brain tissue of
human and calf (79), rabbit (20), rat (21), pig (22), quail
{(23), and chicken (24) to investigate structure—activity
relationships for the enzyme with substrates and inhibitors
and establish the distribution of AChE molecular isoforms.
The significant advance reported here is that native and
modified AChE from a single mouse brain has been isolated
and characterized. The detection sensitivity of MALDI-TOF
MS analysis is sufficient to resolve discrete modifications
of AChE and has facilitated the analysis of brain enzyme
isolated by a strategy that does not require pooling of tissue
or purification of enzyme from multiple animals.

MATERIALS AND METHODS

Chemicals and Reagents. ATCh, DTNB, DFP, paraoxon,
metrifonate, and DEAE-Tris-acryl resin were purchased from
Sigma (St. Louis, MO). DDVP was purchased from ICN
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Biomedical Inc. (Irvine, CA). Sequence-grade modified
trypsin was purchased from Promega (Madison, WI). Acri-
dininum-conjugated affinity resin was synthesized as previ-
ously described (19, 25, 26). CHCA matrix (a-cyano-4-hy-
droxycinnamic acid) was purchased from Agilent Technolo-
gies (Palo Alto, CA).

Hazardous Procedures. OPs are highly toxic and should
be handled with caution by trained personnel in a well-
ventilated hood. OP chemicals are hydrolyzed by dilution
into 4 M NaOH to render them inactive as cholinesterase
inhibitors.

Recombinant Mouse Acetylcholinesterase (nAChE). Re-
combinant AChE was produced by transfection of an
expression plasmid encoding the 547 N-terminal amino acid
residues of mouse AChE into human embryonic kidney cells
(HEK-293). Soluble monomeric mAChE, secreted in the
culture medium of stable cell clones expressing high levels
of recombinant enzyme, was purified by affinity chroma-
tography and characterized as previously described (2, 27).
The purity of recombinant mAChE used in experiments was
confirmed by SDS—polyacrylamide gel electrophoresis and
silver stain of native protein and protein that had been
enzymatically deglycosylated with peptide—N-glycosidase
F (PNGase F). The specific activity of recombinant mAChE
preparations was calculated from AChE activity measure-
ments and protein content, as determined by the methods of
Eliman (/&) and Bradford (28), respectively.

Organophosphate Treatment of Mouse Acetylcholines-
terase (in Vitro). To achieve fractional inhibition of recom-
binant mAChE by OP treatment, samples were prepared by
adding paraoxon to mAChE at various enzyme-to-inhibitor
molar ratios. At an initial concentration of 10 uM enzyme
in 100 mM sodium phosphate buffer, pH 7.0, mAChE was
treated with freshly prepared substocks of paraoxon at various
concentrations from 0 to 12 #M. Following incubation at
room temperature for 45 min, an aliquot was removed to
measure the fractional activity by Eliman assay. Activity
measurements were performed in the presence of 100 mM
sodium phosphate buffer, pH 7.0, 0.1 mg/mL BSA, 0.3 mM
DTNB, and 0.5 mM ATCh. Residual OP and other reaction
byproducts were removed from the incubation mixture, and
the buffer was exchanged to 50 mM ammonium bicarbonate,
pH 7.4, by spin filtering using Microcon-30 devices (Mil-
lipore, Bedford, MA). Samples were evaporated to dryness
by vacuum centrifugation and redissolved in 50 mM am-
monium bicarbonate buffer to a protein concentration of 0.7
mg/mL (Bradford assay) for subsequent digestion by trypsin.

To resolve modifications of mAChE that result from
extended exposure to OP compounds, time course experi-
ments were conducted with DFP, paraoxon, and DDVP. A
1.5-fold molar excess of OP was added to mAChE (10 uM
enzyme in 100 mM sodium phosphate, pH 7.0, buffer) and
incubated at room temperature. At various time intervals,
an aliquot was removed to measure AChE activity, then
frozen, and stored at —80 °C. The OP-inhibited mAChE
samples were thawed and prepared in parallel for mass
spectrometric analysis, in the same manner as that described
for fractional inhibition studies.

Trypsin Proteolysis of mACHE. mAChE (5—15 ug) was
subjected to proteolytic digestion by incubation with sequence-
grade modified trypsin (1:50 protein ratio of trypsin:mAChE)
at 37 °C for 3 h. The tryptic peptides from mAChE
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fractionally inhibited by paraoxon were lyophilized and
dissolved in 0.1% (v/v) trifluoroacetic acid (TFA) for analysis
by mass spectrometry. In other instances, the total peptides
from tryptic digests of mAChE were fractionated prior to
mass spectrometric analysis. Trypsinized mAChE was ad-
sorbed to reverse-phase resin using a ZipTip-C4 (Millipore)
and eluted with solutions containing 0.1% (v/v) TFA and
increasing concentrations of acetonitrile in a step-increment
gradient of 20%, 25%, 30%, 35%, 40%, and 60% (v/v)
acetonitrile, as previously described (11).

Purification of Acetylcholinesterase from Mouse Brain,
Mice (male, 7—8 weeks old, 20—25 g) were treated with
saline or acute sublethal doses of metrifonate (200 or 400
mg/kg) by ip injection. The animals were sacrificed 45 min
after treatment, and the brains were removed, frozen on liquid
nitrogen, and stored at —80 °C. The purification procedure
was performed at 4 °C, and all buffer solutions were ice
cold. Unless indicated otherwise, buffer solutions contained
0.02% (w/v) NaN; as a preservative and the following
protease inhibitors, added immediately prior to use: 5 mg/L
leupeptin, 5 mg/L aprotinin, 5 mg/L pepstatin A, 10 mg/L
bacitracin, 15 mg/L. benzamidine, and 40 mg/L. soybean
trypsin inhibitor. Aliquots were taken at each stage of the
purification procedure to measure AChE activity and protein
content.

Enriched membrane extracts were prepared from brain
tissue that was partially thawed and homogenized by Polytron
(Brinkmann Instruments, Westbury, NJ) in a hypotonic buffer
solution of 10 mM Tris-HCl, pH 7.4, and 1 mM EDTA. The
homogenate was centrifuged at 150000g in a Beckman 60
Ti rotor (40000 rpm) for 1 h at 4 °C. The pellet was
resuspended in an extraction buffer of 20 mM sodium
phosphate, pH 7.0, 0.15 M NaCl, 1 mM EDTA, and 0.5%
(v/v) Triton X-100 and ultracentrifuged (60 Ti rotor, 40000
rpm, 2 h, 4 °C). The supernatant, containing detergent-
solubilized membranes, was removed, frozen on liquid
nitrogen, and stored at —80 °C.

The solubilized membrane fraction was further enriched
by anion-exchange chromatography on DEAE-Tris-acryl
resin. The extract from a mouse brain was diluted into
binding buffer [20 mM bis-Tris propane hydrochloride, pH
7.0, 0.05% (v/v) Triton X-100] and adsorbed to a 10 mL
DEAE-Tris-acryl gel bed previously equilibrated with bind-
ing buffer. Following a wash with two bed volumes of
binding buffer, a protein fraction containing the majority of
AChE activity (about 80%) was eluted with 20 mM pipera-
zine hydrochloride, pH 5.0, 0.2 M NaCl, and 0.05% (v/v)
Triton X-100.

Endogenous AChE was purified from the enriched protein
fraction by affinity chromatography on N-methylacridinium-
conjugated Sepharose 4B resin, with modifications to
procedures previously reported (19). A 25:75 shury of
acridinium resin in buffer was added to the DEAE-Tris-acryl
eluate (1 mL of slurry per 10 mL of eluate) and incubated
in batch with gentle mixing at 4 °C for 2—3 h. The mixture
was poured into a small column, and the resin was washed
with 20 bed volumes of buffer A [10 mM sodium bicarbon-
ate, pH 8.0, 0.1 M NaCl, 40 mM MgCl,, 0.05% (v/v) Triton
X-100], followed by a second wash with buffer A containing
an additional 0.1 M NaCl. AChE was eluted from the
acridinium resin by incubation with 5 mM decamethonium
hydrochloride in buffer A, without protease inhibitors, for 1
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h with gentle mixing. The eluate was diluted with 50 mM
ammonium bicarbonate, pH 7.4, buffer, to reduce the
concentration of Triton X-100 to 0.005% (v/v; below the
CMC value), prior to being concentrated and buffer ex-
changed by spin-filtering using a Centricon-30 device
(Millipore). Preparation of endogenous mAChE for analysis
by mass spectrometry was performed in a manner similar to
that described for recombinant mAChE samples.

Mass Spectrometry. Matrix-assisted laser desorption/

ionization time-of-flight mass spectrometry (MALDI-TOF
MS) was performed on a PE Biosystems Voyager DE-STR
Biospectrometry workstation (Framingham, MA). Mass
spectra were acquired in positive-ion linear mode under
delayed extraction conditions, using an acceleration voltage
of 25 kV and laser intensity of 2000—2400 V with a 337
nm pulsed nitrogen laser. External calibration was performed
using ACTH peptide (amino acid residues 7—38) and bovine
insulin, with average masses of 3657.93 and 5734.59 Da,
respectively. Trypsinized mAChE or tryptic peptides of
mACHhE that were fractionated by adsorption to C4 reverse-
phase resin were mixed with a matrix of 5 mg/mL o-cyano-
4-hydroxycinnamic acid (CHCA) in 50% (v/v) acetonitrile
and 0.3% (v/v) TFA, pH 2.2. A 1 uL aliquot of the peptide—
matrix mixture was spotted, in duplicate, on a polished
MALDI-TOF MS target plate and dried by semifast evapora-
tion at 50 °C. Analyte—matrix cocrystals appeared homo-
geneous in nature. The mass spectra shown are the average
of 256 laser scans collected from multiple locations on the
target spot and monitored by a digital oscilloscope during
acquisition. Laser intensity was adjusted such that ion
intensity did not exceed 60—70% of the maximum threshold
value. The data were processed and quantified with the PE
Biosystems Grams 3.0 software program.
. Analytical Procedures. SDS—polyacrylamide gel electro-
phoresis, silver stain, and immunoblotting techniques were
performed by standard procedures. Affinity-purified poly-
clonal antibodies to mAChE were produced by Bethyl
Laboratories (Montgomery, TX) by immunization of rabbits
with purified recombinant mAChE protein in soluble mon-
omeric form. The antibodies were characterized in our
laboratory, based on strict criteria, and shown to react with
high avidity and specificity for mAChE protein in immu-
noblotting and immunoprecipitation procedures.

RESULTS

Fractional Inhibition of mAChE by Paraoxon: Detection
and Quantitation by MALDI-TOF MS. The catalytic triad
of mACHE contains the active center serine at position 203.
Proteolytic digestion of mAChE with trypsin generates a 42
amino acid peptide extending from Leu 178 to Arg 219 that
contains the active center serine residue. The tryptic peptide,
subsequently referred to as active center peptide (ACP), has
a theoretical average mass of 4331.0 Da. MALDI-TOF mass
spectra acquired in positive-ion linear mode from trypsinized
recombinant mAChE resolve the ACP with an observed
average mass of 4331.0 (£0.5) Da.

Paraoxon-mediated inhibition of mAChE results in diethyl
phosphorylated enzyme. Complete AChE inhibition is as-
sociated with loss of unmodified ACP (4331.0 Da) and the
appearance of modified peptide (4467.0 Da), corresponding
to the expected mass increase of 136 Da from the diethyl
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FIGUre 1: Fractional inhibition of mAChE by paraoxon. (A)
Representative MALDI-TOF mass spectra acquired from total
peptides of mAChE tryptic digests fractionally inhibited by
paraoxon (0—12 4M). Residual enzyme activity for each sample,
as determined by Ellman assay, is indicated. Paraoxon-mediated
inhibition of mAChE results in the diethyl phosphoryl enzyme
adduct and a corresponding increase of 136 Da in the molecular
mass of the active center peptide (ACP), from 4331.0 to 4467.0
Da. AChE inhibition is associated with a reduction in the signat
intensity of unmodified ACP and a corresponding increase in diethy!
phosphorylated ACP. (B) Activity measurements following treat-
ment of mAChE by various concentrations of paraoxon, demon-
strating that a stoichiometric ratio of OP is required to achieve
fractional inhibition of AChE activity.

phosphorylated ACP adduct. Mass spectra acquired from
tryptic digests of mAChE, incubated with 0—12 uM con-
centrations of paraoxon to achieve a range of fractionally
inhibited enzyme, are shown in Figure 1, panel A. Residual
enzyme activity was determined by Ellman assay, and the
data shown in Figure 1, panel B, confirm that a stoichiometric
ratio of paraoxon was required to achieve fractional inhibition
of enzyme activity. As the amount of inhibited mAChE
enzyme increases in each sample, the signal intensity for
unmodified ACP in mass spectra is reduced in a manner that
parallels a larger signal intensity for the diethyl phosphoryl
ACP adduct.

The relative amount of unmodified ACP and the diethyl
phosphorylated ACP conjugate was determined, in multiple
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FIGURE 2: The relative abundance of unmodified ACP, determined
by ion intensity from MALDI-TOF mass spectra, strongly correlates
(7 = 0.96) with the residual activity of mAChE following paraoxon
treatment. The relative abundance of unmodified ACP (4331.0 Da),
referred to as % ACP, was calculated by the fraction of unmodified
ACP compared to total ion intensity of the unmodified and diethyl
phosphoryl ACP adduct (4467.0 Da) acquired from tryptic digests
of paraoxon-inhibited mAChE. Representative mass spectra are
shown in Figure 1. Data are compiled from six independent
experiments.

trials, from ion intensity in mass spectra acquired from
trypsinized, paraoxon-inhibited enzyme (Figure 2). The
phosphorylation stoichiometry (percent ACP) was calculated
from peak ion intensity by dividing unmodified ACP by the
total of unmodified ACP and the diethy! phosphoryl ACP
adduct. The percent ACP and residual enzyme activity
measurements are both normalized to 100%. The relative
abundances of unmodified ACP strongly correlate with the
residual activities of mAChE following paraoxon inhibition.
Therefore, the relative signal intensity of unmodified and
phosphorylated ACP is directly related to the abundance of
the OP—mACHhE conjugate. The fractional inhibition studies
demonstrate that MALDI-TOF mass spectrometry can be
used as a quantitative measure to determine the degree of
enzyme modification by OP compounds. It is evident that,
in some samples where no residual AChE activity was
measured, a minor fraction of unmodified ACP was resolved.
It is likely that a small amount (less than 10%) of inactive
enzyme is present in some preparations of recombinant
mAChE and may account for the minor deviation seen in
the correlation plot of activity versus ACP abundance.
Time-Resolved Organophosphate Modifications of Re-
combinant mACHE. Inhibition of mAChE by the OP com-
pounds, paraoxon, DDVP, and DFP, resulting in diethyl,
dimethyl, and diisopropy! phosphorylation of the enzyme,
respectively, has been monitored with subpicomole amounts
of enzyme. The relative abundance of phosphoryl ACP
adducts that result from enzyme inhibition, loss of one alkyl
group from the inhibited enzyme (the aging reaction), and
dephosphorylation to give unmodified mAChE (reactivation)
has been resolved at various time intervals. For each of the
OPs, the expected mass increase for the ACP upon phos-
phorylation of mAChE and mass reduction for ACP phos-
phoryl adducts upon aging are given in Table 1.
Treatment of mAChE with paraoxon results in enzyme
inhibition via diethyl phosphorylation of the active center
serine. The inhibited enzyme can reactivate or undergo aging,
whereby loss of one ethyl group renders the enzyme
nonreactivatable. At various times after the addition of a
molar excess of paraoxon to mAChE, aliquots of treated
enzyme were removed for tryptic digestion and mass
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Table 1: Theoretical Masses for mAChE Active Center Peptides following Modification with Organophosphates?

organo- phosphoryl ACP A mass from inhibited ACP A mass from aged ACP
phosphate adduct (unmodified) inhibition adduct aging adduct
DFP diisopropy! 4331.0 +164 4495.0 —42 44530
paraoxon diethyl 4331.0 +136 4467.0 —28 4439.0
DDVP dimethyl 43310 +108 4439.0 -14 4425.0

¢ The average theoretical mass for unmodified active center peptide (ACP) from trypsinized mAChE is 4331.0 Da. The phosphory! ACP adducts
of mAChE that result from treatment by the OP compounds, DFP, paraoxon, and DDVP, reflect dialkylphosphoryl adducts and are given as
average mass (Da). The “aged” phosphoryl ACP adducts are calculated to reflect the loss of one alkyl group from the inhibited enzyme—~OP
conjugate. Mass values reflect the loss of hydrogen from the Ser residue upon inhibition by the OP compound and addition of hydrogen to the

oxyanion following the aging reaction.

spectrometric analysis. The reactions of inhibition, aging,
and reactivation of AChE require a conformationally stable
enzyme and the unique configuration of the active center,
comprised of several subsites (29). Therefore, the relative
amounts of mAChE phosphoryl species resulting from OP-
mediated inhibition for specific time intervals will not vary
following tryptic digestion of intact enzyme. mAChE tryptic
peptides were fractionated by adsorption to C4 reverse-phase
resin, with the ACP and phosphoryl ACP adducts isolated
by elution in 60% (v/v) acetonitrile and 0.1% (v/v) TFA
solution. In control experiments, where mAChE was labeled
by [*H]DFP and monitored by scintillation counting, greater
than 95% of the ACP from trypsinized mAChE eluted from
the C4 reverse-phase resin in the fraction containing 60%
(v/v) acetonitrile.

The relative abundance of ACP phosphoryl species was
determined from ion intensity in acquired mass spectra
(Figure 3) and shown, with comparison to enzyme activity
measurements, in Figure 4. Since paraoxon treatment of
mAChE results in complete and rapid enzyme inhibition,
diethyl phosphorylated ACP (4467.0 Da) is predominant at
early time points. A small fraction of aged enzyme is
indicated by the monoethy! phosphory! ACP adduct (4439.0
Da) at 8 h. The relative abundance of aged enzyme increases
with time, as evident by the larger peak intensity of the aged
ACP adduct. With extended incubation, some unmodified
ACP reappears (48 h) and is indicative of hydrolysis of the
phosphoryl serine bond and enzyme reactivation. This was
confirmed by activity measurements. The abundance of the
diethyl phosphorylated enzyme decreases in a manner that
parallels the reactivation and aging time course. The fraction
of mACHhE that has aged is stable and does not reactivate. A
minor amount of mAChE in this preparation is presumed to
be catalytically inactive, since unmodified ACP (less than
12%) is evident in samples that have no detectable activity
by Ellman assay.

The relative abundance of phosphoryl species can be fit
to a scheme of parallel first-order reactions, allowing for
some residual reinhibition that may occur at early time points
due to an initial excess of OP inhibitor. The rate constant
for diethyl phosphoryl adducts (koveran) Would represent the
sum of the rate constants for formation of monoethyl
phosphoryl adducts (kaging) and unmodified ACP (krcactivation)-
Rate constants of keeny = 0.0161 h7' (1, ~ 43 h),
determined by the disappearance of the diethyl phosphoryl
adduct, kyging = 0.0099 h~! (#;, ~ 70 h), determined by the
formation of the monoethyl phosphoryl adduct, and kecactivation
= 0.0070 h™! (i ~ 99 h), determined by the regeneration
of the free serine, were estimated from the profiles in Figure
4.
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FiGUre 3:  ACP conjugates of mAChE, resolved by time, following
enzyme inhibition with paraoxon in molar excess. At various time
intervals, an aliquot of paraoxon-treated mAChE was taken for mass
spectrometric analysis. Samples were trypsinized, and the peptides
were fractionated by reverse-phase chromatography to enrich for
ACP adducts, as described in the text. Enzyme inhibition results
in the diethyl phosphoryl ACP adduct (4467.0 Da). The aging
reaction, which is defined as the loss of one ethy! group from the
OP—enzyme conjugate, is represented by the monoethy! phosphoryl
ACP adduct (4439.0 Da). The reappearance of unmodified ACP
(4331.0 Da) is indicative of enzyme reactivation. MALDI-TOF
mass spectra are representative of three experiments. In this and
subsequent figures, a small shoulder on peak is observed of
approximately 16 mass units above the parent peak. We presume
this represents oxidation of a methionine in the ACP to a sulfoxide.

In a similar time course study, mAChE was inhibited by
DDVP, where loss of enzyme activity is associated with
dimethyl phosphorylation of the active center serine. As
shown in Figure 5, the inhibited enzyme and aged conjugate
are resolved from the unmodified and reactivated enzyme
as dimethyl and monomethyl phosphoryl ACP adducts of
4439.0 and 4425.0 Da, respectively. Enzyme reactivation is
evident at 4 h by the reappearance of unmodified ACP
(4331.0 Da). In comparison to that observed with paraoxon,
the aged conjugate appears more rapidly with DDVP-
inhibited mAChE. The aging half-time of dimethyl phos-
phoryl AChE is significantly shorter than for diethyl
phosphoryl AChE; dimethyl phosphorylated AChE has an
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FIGURE 4: Relative abundance of ACP and phosphoryl adducts in
mass spectra acquired from mAChE at various times following
paraoxon inhibition of mAChE. (A) mAChE activity (@) was
measured by Ellman assay at various time periods after the addition
of a molar excess of paraoxon to the enzyme. (B) The ratio of
ACP adducts at each time point was calculated from the signal
intensity in mass spectra acquired from fractionated tryptic digests
of paraoxon-inhibited mAChE samples. Unmodified ACP (O0),
diethyl phosphoryl ACP adduct (A), and monoethyl phosphoryl
ACP adduct () represent control/reactivated, inhibited, and aged
AChE enzyme, respectively.
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FIGURE 5: OP conjugates of mAChE following inhibition with a
molar excess of DDVP, monitored by MALDI-TOF MS. Mass
spectra were acquired from samples taken at various times, as
indicated, and prepared for analysis by tryptic digestion and reverse-
phase fractionation. Inhibition of mAChE by DDVP results in
dimethyl phosphorylated enzyme and an increase in molecular mass
of the ACP to 4439.0 Da. Aging of the OP—enzyme conjugate is
demonstrated by the appearance of the monomethyl phosphoryl
ACP adduct (4425.0 Da). Reactivation of the dimethyl phosphoryl
mAChE conjugate is evident by the reappearance of unmodified
ACP (4331.0 Da).

aging half-time of about 4 h (30, 31). Moreover, spontaneous
reactivation of dimethyl phosphoryl enzyme proceeds more
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FIGURE 6: ACP and OP adducts of mAChE resulting from treatment
with DFP in molar excess. MALDI-TOF mass spectra were acquired
from fractionated tryptic peptides prepared from samples taken at
time intervals as indicated. DFP-inhibited mAChE and the aged
OP—enzyme conjugate are represented by diisopropyl (4495.0 Da)
and monoisopropyl (4425.0 Da) phosphoryl-ACP adducts, respec-
tively. mAChE reactivation (unmodified ACP) is not evident, as
treatment with a molar excess of DFP results in nearly complete
aging of the inhibited enzyme in a 24 h period.
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rapidly than aging, and the reappearance of unmodified ACP
is evident at early time intervals.

Inhibition of mAChE by DFP leads to the formation of a
diisopropy! phosphoryl conjugate with the active center
serine and a corresponding ACP adduct with mass of 4495.0
Da (Figure 6). DFP-modified enzyme readily undergoes the
aging reaction, as demonstrated by the substantial abundance
of the ACP adduct at 7 h with mass of 4453.0 Da,
representing the loss of one isopropyl group from the
complex. The propensity of the diisopropyl phosphoryl
conjugate of mAChE to undergo the aging reaction results
in complete monoisopropyl phosphorylated ACP within 24
h, indicating virtually no spontaneous reactivation occurs.

Endogenous mAChE Purified from Brain. Endogenous
AChE, purified from the brain tissue of a single mouse, has
been resolved by SDS—PAGE (Figure 7, panel A). A protein
with an apparent mass of about 68 kDa is evident, with a
diffuse banding pattern suggesting that AChE is heteroge-
neously glycosylated. It migrates with a similar electro-
phoretic mobility to recombinant mAChE. In crude homo-
genate from a single mouse brain, on average, the specific
abundance (molar ratio) of AChE is 0.5 pmol/mg of total
protein, and the total abundance of AChE is about 15 pmol
or 1 ug of protein. Since the molecular mass of mAChE is
about 65 kDa, pure enzyme would have a specific abundance
of 15 nmol/mg of protein. Therefore, a purification of AChE
from mouse brain to near homogeneity would represent an
approximate 30000-fold enrichment. The immunoblot in
Figure 7 (panel B) shows endogenous AChE samples purified
from the brain of a mouse treated with saline or different
doses of metrifonate. It is evident that the relative yields of
protein from the control and metrifonate-treated mice are
similar, indicating that unmodified and phosphorylated AChE
purifies with equal efficiency by acridinium affinity chro-
matography.

Recombinant mAChE was used in control experiments to
determine the relative yields of acridinium affinity purifica-
tion for unmodified AChE and enzyme fully inhibited by
OPs. Dimethy! phosphorylated mAChE purified with ef-
ficiency similar to that of the unmodified enzyme, while the
diethyl phosphorylated enzyme gave a significantly reduced
yield. Given that acridinium interacts near the acyl pocket
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FiGURE 7: Endogenous AChE purified from mouse brain. (A) Silver
stain of SDS—polyacrylamide gel electrophoresis. Lanes: 1,
enriched membrane extract from mouse brain; 2, endogenous AChE
purified from mouse brain as described in the text (the AChE from
mouse brain migrates with an apparent molecular mass of ap-
proximately 68 kDa); 3, recombinant soluble monomeric mAChE
(50 ng). (B) Immunoblot with rabbit anti-mAChE affinity-purified
polyclonal antibodies of endogenous AChE purified from the brain
of (lane 1) control mouse, (2, 3) mice treated with metrifonate (200
and 400 mg/kg ip), respectively, (4) total AChE knockout mouse,
(5) blank, and (6) recombinant mAChE protein (20 pg). The
migration of molecular mass markers is indicated by arrows and
mass given in kDa.

of the AChE active site, the size of the alkyl group at the
phosphorylated serine appears to be a crucial determinant
for purification efficiency. The larger diethyl phosphoryl
modification likely interferes, by steric hindrance, with
acridinium—AChE interactions, where the smaller dimethyl
phosphorylated adduct does not. Further, using recombinant
mACHE inhibited by DDVP, it was determined that the
relative abundances of inhibited, aged, and reactivated species
did not progress during the procedures required for purifica-
tion of endogenous enzyme.

No reactive protein is evident in samples prepared from
brain tissue of mouse that is a total knockout for AChE (32),
demonstrating high specificity of the purification procedure.
Some proteolytic products are seen in AChE from control
animals but not in AChE isolated from mice that were treated
with OP, a likely indication of proteolysis mediated by serine
proteases consequentially inhibited by OP.

Endogenous AChE isolated from mouse brain was
trypsinized, fractionated by reverse-phase resin, and resolved
by MALDI-TOF mass spectrometry to elucidate the peptide
containing the active center serine (Figure 8). Metrifonate
spontaneously hydrolyses in vivo to DDVP and thereby
inhibits AChE through modification of the active center
serine to a dimethyl phosphoryl adduct. For control mice,
the active center peptides from endogenous brain AChE
resolve to the expected mass for unmodified ACP, 4331.0
Da. In mice treated with acute doses of metrifonate, AChE
modifications are indicated by the dimethyl and monomethyl
phosphoryl ACP adducts, with masses of 4439.0 and 4425.0
Da, respectively. In both the 200 and 400 mg/kg metrifonate
treatments, a significant fraction of the phosphorylated AChE
enzyme has undergone the aging reaction and is thereby
predicted to be irreversibly inhibited. Further, a larger fraction
of unmodified ACP is evident in the animal exposed to a
lower dose of metrifonate, representing enzyme that may be
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FIGure 8: Endogenous mouse brain AChE. Mass spectra were
acquired from AChE purified from mouse brain, digested with
trypsin, and fractionated by reverse-phase resin. (A) Saline-injected
control and mouse treated with 200 mg/kg metrifonate. (B) Control
and 400 mg/kg metrifonate-treated mouse. Animals were sacrificed
45 min after ip injection. Unmodified ACP (4331.0 Da) of
endogenous AChE from control and OP exposed mice is observed.
OP—ACHhE conjugates are observed in metrifonate-treated animals
that correspond to inhibited and aged enzyme, dimethyl and
monomethyl phosphoryl ACP adducts (4439.0 and 4425.0 Da),
respectively. Representative mass spectra from three independent
experiments are shown.

uninhibited, spontaneously reactivated, or catalytically inac-
tive.

DISCUSSION

The analysis of trypsinized AChE by MALDI-TOF MS
has shown that specific chemical modifications that result
from enzyme inhibition mediated by OP compounds can be
detected with exquisite sensitivity and their relative abun-
dance determined. It has been generally believed that
quantitation of proteins and peptides from ion intensity on
mass spectra acquired by MALDI-TOF MS is limited by
variability due to sample preparation, inhomogeneous crys-
tallization methods, and a phenomenon referred to as ion
suppression (33). We have overcome such limitations by
establishing a procedure to acquire mass spectra of the tryptic
peptide of AChE containing the active center serine that has
proved to be robust and highly reproducible. In multiple
experiments conducted with mAChE inhibited by paraoxon,
the relative abundances of AChE peptides containing a
modified active center serine strongly correlate with the
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fractional inhibition of the enzyme, achieving a wide
detection range of phosphorylated to nonphosphorylated
enzyme.

A comprehensive analysis by mass spectrometry has
elucidated distinct chemical modifications of AChE inhibited
by OPs that form diisopropyl, diethyl, and dimethyl phos-
phoryl AChE adducts. A simple fractionation of trypsinized
AChE by reverse-phase chromatography gives an enrichment
of the peptide containing the active center serine that
enhanced the detection sensitivity of the MALDI-TOF MS
procedure to subpicomole levels. The relative abundance of
phosphoryl AChE conjugates that occur with time following
inhibition by OPs has been observed and gives a measure
of the propensity of the inhibited enzyme to spontaneousty
reactivate or undergo the aging process. Mass spectrometric
analysis of AChE, as described in this report, allows for the
direct observation of the abundance of reactivated enzyme
and aged conjugate following inhibition by OPs. This
approach offers advantages compared to classical methods
that have relied on indirect measures of catalytic activity
determined by nucleophilic reactivation of OP-inhibited
AChE (30, 31, 34).

The abundance of aged enzyme for DFP-treated mAChE
monitored by monoisopropyl phosphoryl adducts at 7 h
following inhibition is about 50%, consistent with the aging
half-time (#,2) of 6.7 h reported by others for AChE inhibited
by DFP (34). For paraoxon-mediated inhibition of AChE, a
reactivation #1,; of 83 h (34) and aging 7, of 31—60 h have
been observed (30, 34). In this study, the fractions of
reactivated and aged species of mAChE that resolve follow-
ing treatment with paraoxon are about equal and similarly
increase in abundance with time. Since the presence of excess
OP and reinhibition would initially suppress observation of
reactivated enzyme, and giving consideration to the reported
rate constants for the diethyl phosphorylated enzyme, the
fraction of aged species should exceed that of reactivated
enzyme. Our results suggest that diethyl phosphoryl AChE
conjugates may undergo aging at a rate slower than previ-
ously determined by nucleophile reactivation studies. The
rates of reactivation and aging for dimethyl phosphoryl
enzyme conjugates that result from OP-inhibited AChE were
recently studied by measuring activity and susceptibility to
oxime nucleophiles (37). Spontaneous hydrolysis of the
phosphoryl serine bond occurred with a #,, 0of 0.7 h. In the
presence of excess inhibitor, the #,; of aging was 4.2 h (31).
The relative amounts of reactivated and aged enzyme
determined here by mass spectrometric analysis are consistent
with these rate constants. The aged enzyme adduct appears
early in the time course, when reactivation is masked by
reinhibition. As excess inhibitor is depleted, spontaneous
hydrolysis predominates, and a large abundance of reacti-
vated enzyme is observed. Concomitantly, a plateau is
observed for the fraction of aged enzyme conjugate. The
ability to quantitate the complement of OP—AChE adducts
and hydrolytic products by MALDI-TOF MS has enabled
us to resolve kinetic profiles for the separate processes of
inactivation, aging, and reactivation of AChE as an isolated
enzyme and demonstrate its potential for exposure detection
in intact tissue.

Native AChE purified from brain tissue of mice treated
with an acute dose of metrifonate has shown that phosphor-
ylation of endogenous enzyme resulting from OP exposure
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can be detected in a single mouse brain. Moreover, the
relative abundance of the unmodified enzyme and phosphory!
AChHE conjugates evident after treatment with different doses
of metrifonate confirms that subtle differences in AChE
modifications can be detected. The amount of phosphorylated
ACHhE in the animal exposed to 200 mg/kg (ip) metrifonate
is clearly less than for the 400 mg/kg treated mouse. In fact,
it is noteworthy that a significant fraction of OP-inhibited
ACEE in the metrifonate-treated animals is observed as the
monomethyl phosphory! conjugate, corresponding to aged
enzyme. The half-time of reactivation and aging for dimethyl
phosphorylated human AChE, as determined by in vitro
studies, is reported as 0.7 and 4.2 h, respectively (37). The
relative abundance of aged AChE conjugates within the 45
min time interval of OP exposure in these animals would
not have been predicted to occur for the dimethy! phospho-
rylated enzyme. However, with in vivo treatment regimens
of OP exposure, it is difficult to estimate the amount of
inhibitor available to interact with brain AChE in the treated
mice. The presence of excess inhibitor, perhaps sequestered
in tissue, would suppress observation of spontaneous reac-
tivation and thereby lead to a progressive accumulation of
aged enzyme.

Most of the OP insecticides in current worldwide use form
either the dimethyl or diethyl phosphoryl conjugates with
AChE. We show here that these conjugates exhibit progres-
sive spontaneous hydrolysis and aging, but at different rates.
Since the aged species can no longer be reactivated, either
by oxime or spontaneously, and the nonaged species will be
susceptible to hydrolysis and subsequent reinhibition, aged

" species should accumulate with the multiple inactivation—

reactivation events occurring upon chronic exposure. Ac-
cordingly, the simultaneous measurement of the complement
of the three species should provide an indication of the
duration of exposure to the OP.

Substantial variability of AChE activity levels in the
various tissues of animal species within defined populations
has been reported, even among litter mate siblings from
inbred mouse colonies (32). With the aim to develop a
technology to correlate endogenous AChE inactivation with
biological end points, the sensitive detection of the phos-
phoryl AChE by MALDI-TOF MS provides a direct measure
of the covalent modification of enzyme in animals exposed
to OPs. This approach of measuring the conjugate directly
thereby circumvents the limitations of biological variation
when reductions in AChE activity from a range of standard
values determined from control animals are monitored.
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Abstract

ACHhE is an alternatively spliced gene. Exons 2, 3 and 4 are invariantly spliced, and this sequence is responsible for catalytic
function. The 3’ alternatively spliced exons, 5 and 6, are responsible for AChE disposition in tissue [J. Massoulie, The origin of the
molecular diversity and functional anchoring of cholinesterases. Neurosignals 11 (3) (2002) 130-143; Y. Li, S. Camp, P. Taylor,
Tissue-specific expression and alternative mRNA processing of the mammalian acetylcholinesterase gene. J. Biol. Chem. 268 (8)
(1993) 5790--5797]. The splice to exon 5 produces the GPI anchored form of AChE found in the hematopoietic system, whereas the
splice to exon 6 produces a sequence that binds to the structural subunits PRIMA and ColQ, producing AChE expression in brain
and muscle. A third alternative RNA species is present that is not spliced at the 3’ end; the intron 3’ of exon 4 is used as coding
sequence and produces the read-through, unanchored form of AChE.

In order to further understand the role of alternative splicing in the expression of the AChE gene, we have used homologous
recombination in stem cells to produce gene specific deletions in mice. Alternatively and together exon 5 and exon 6 were deleted.
A cassette containing the neomycin gene flanked by loxP sites was used to replace the exon(s) of interest. Tissue analysis of mice
with exon 5 deleted and the neomycin cassette retained showed very low levels of AChE expression, far less than would have been
anticipated. Only the read-through species of the enzyme was produced; clearly the inclusion of the selection cassette disrupted
splicing of exon 4 to exon 6. The selection cassette was then deleted in exon 3, exon 6 and exons 5+ 6 deleted mice by breeding to
Ella-cre transgenic mice. AChE expression in serum, brain and muscle has been analyzed.

Another AChE gene targeted mouse strain involving a region in the first intron, found to be critical for AChE expression in
muscle cells [S. Camp, L. Zhang, M. Marquez, B. delaTorre, P. Taylor, Knockout mice with deletions of alternatively spliced
exons of Acetylcholinesterase, in: N.C. Inestrosa, E.O. Campus (Eds.), VII International Meeting on Cholinesterases, Pucon-Chile
Cholinesterases in the Second Millennium: Biomolecular and Pathological Aspects. P. Universidad Catholica de Chile-FONDAP
Biomedicina, 2004, pp. 43-48; R.Y.Y. Chan, C. Boudreau-Lariviére, L.A. Angus, F. Mankal, B.J. Jasmin, An intronic enhancer
containing an N-box motif is required for synapse- and tissue-specific expression of the acetylcholinesterase gene in skeletal
muscle fibers. Proc. Natl. Acad. Sci. USA 96 (1999) 4627-4632], is also presented. The intronic region was floxed and then
deleted by mating with Ella-cre transgenic mice. The deletion of this region produced a dramatic phenotype; a mouse with near
normal AChE expression in brain and other CNS tissues, but no AChE expression in muscle. Phenotype and AChE tissue activities
are compared with the total AChE knockout mouse [W. Xie, J.A. Chatonnet, P.J. Wilder, A. Rizzino, R.D. McComb, P. Taylor,
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1. Introduction

The AChE gene, while quite compact in length (the
coding region of the mouse gene is covered in 8.5kb
of genomic sequence) encodes multiple gene products
through alternative splicing. The catalytic domain, pro-
duced by the invariantly spliced exons 2, 3, and 4 is
expressed in specific locations throughout the body as
dictated by alternative splicing. The use of exon 5 pro-
duces a glycophosphatidylinositol (GPI) anchor that is
used in the hematopoietic system, expressing AChE
activity on platelets and erythrocytes. Splicing to exon
6 produces an AChE C-terminal or “T” sequence that
yields AChE that is widely distributed, notably in brain
and muscle, but also in other tissues. This C-terminal
sequence gives rise to the expression of amphiphilic
monomers, dimers and tetramers (Gla, G2a, G4a); solu-
ble tetramers (G4na); as well as asymmetric monomers,
dimers and tetramers that attach to collagen subunits via
the ColQ subunit, The third alternative at the 3’ end of
the AChE gene is actually not a splice but the produc-
tion of an RNA species that retains the intron found 3’
of exon 4. Expression of this form of AChE in vivo and
its presence in tissue is not well characterized.

Although there are alternative acceptors in the 3’ end
of the AChE gene, the only documented donor site is
defined by the 3’ end of exon 4. The exon 4/5 spliced
message includes exon 6 as 3’ UTR [2]; similarly the
retained intron message most likely includes exons 5
and 6 as UTR, but due to the rare expression of this
form of RNA, the message has not been completely
defined.

Our purpose in the production of these knockout
mice is to establish the functional importance of the
various spliced AChE forms in the intact animal; this
begins with determining the severity of a phenotype
produced by the deletion of a selected exon or pair of
exons. Such deletions would reveal the consequences of
altered disposition or the absence of AChE in particular
tissues. :

Many studies of the regulation of AChE produc-
tion have been done in mouse muscle cell lines where
myoblasts that do not produce AChE activity or mes-
sage can be compared with differentiated myotubes in
which both protein and RNA are found [4]. Following

transfection of the whole AChE gene into myoblasts and
subsequent differentiation, the enhanced AChE activity
from the transfected gene is found to mirror endogenous
activity. When introns are deleted from the gene, differ-
entiated activity is altered; the most severe reduction is
seen with the deletion of the intron between exons 1 and
2. In fact the deletion of a 255 bp region ablates AChE
activity (and message) in differentiated C2C12 cells [6].
Since the intron between exons 1 and 2 appears to con-
trol expression in C2C12 cells, we questioned whether
the regulatory region is required in generalized AChE
expression or only selectively in muscle expression. We
have developed a mouse in which this essential region
of the gene is flanked by loxP sites, and can therefore
be deleted from the genome in a tissue or developmental
stage specific manner.

2. Materials and methods
2.1. Basic molecular biology techniques

Basic molecular biology techniques were used in the
construction of plasmids for gene targeting. Constructs
and screening for the exon deletions, Del E5, Del E5+6
and Del E6 have been described [3]. Most importantly, all
mouse genomic DNA used was from the strain 129 SvJ
to ensure identity with the stem cells to be transfected.
DNA used in constructs either came from a 129 SvJ
library (Incyte Genomics, clone address 341/C04, BAC
Mouse ES Rel IT) or was amplified by PCR from 129Sv]
stem cells. The selection cassette (loxP/neomycin/loxP)
used in the exon specific deletions came from Dr. Goran
Bucht, that used in the intron regulatory region deletion
(loxP/neomycin, thymidine kinase /loxP) came from a
pFlox vector provided by Dr. Marth [7]. In all constructs
pBluescript (KS and SK from Stratagene) served as the
vector backbone and provided the means for bacterial
amplification. Site directed mutagenesis used to alter
the mouse gene employed QuikChange® II Site-Directed
Mutagenesis from Stratagene.

2.2. Location of sequences in the AChE gene

Numbering used to locate sequences in the AChE
gene is that of Wilson et al. [§] in GenBank accession
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number AF312033. AChE exon 1 begins at 7511 and the
second poly-adenylation signal used in the AChE mes-
sage is at 14909.

2.3. Principles of gene targeting

The basic concepts of gene targeting, including the
use of site-specific recombination systems, are well
described in [9].

2.4. AChE knockout nomenclature

AChE del E5 (or ES+6)/Neo: The named exon is
deleted, the neomycin selection cassette is retained.
AChE del E5 (or E6, or E5+6): The named exon is
deleted, the neomycin cassette is deleted through the
expression of Cre-recombinase. AChE-RR refers to the
intron regulatory region. Floxed denotes that the 255 bp
region of the intron has been flanked by loxP sites
(AChE-RR (floxed). The floxed intron regulatory region
was then deleted by mating to an Ella-cre transgenic
mouse, producing an independent mouse ¢olony, AChE-
RR (deleted). Floxed and deleted null (—/—) mice are
compared independently with their wild-type and het-
erozygous littermates for the purpose of this study.

All mice are currently of a mixed background (129,
C57Bl/6, Black Swiss and FVB strains). We continue
breeding toward pure-strain C57BY/6 for more accurate
comparisons.

2.5. Tissue AChE activity

All tissue activities are expressed as Units AChE
activity/gram of tissue. AChE was extracted from tissue
by powdering the tissue in a stainless steel mortar and
pestle at liquid nitrogen temperatures and then homoge-
nizing the powder, on ice, in [0.01 M sodium phosphate
buffer, pH 7.0, with 1.1 M NaCl, 0.1 M EGTA, and 0.5%
Tween 20]. 5 pg/ml Pepstatin A, 5 pg/ml Leupeptin,
5 wg/ml Aprotinin, 10 pg/ml Bacitracin, 0.1 mM Benza-
midine were added to prevent proteolysis. Muscle was
homogenized in 25 volumes of buffer, brain in 10 vol-
umes. Homogenates were spunat 12 k x g for 10 min and
the supernatant was assayed for activity. Serum activity
was determined by collecting blood and allowing it to
clot at room temperature. The clot was then left to con-
tract overnight at 4 °C producing a serum layer. Serum
activity is expressed as Units/ml serum. AChE activity
was determined according to Ellman [10] with acetylth-
iocholine iodide at 0.5 mM. Ethopropazine (10 M) was
used to inhibit butyrylcholinesterase (BuChE) in all
assays.

2.6. Behavioral analysis

The behavioral test battery described in [11,12] was
modified to account for the muscle tremors displayed
by the exon 5+6 deleted mice. Many standard tests
were impossible to interpret reliably because of these
tremors. All statistical analyses of behavioral data were
performed using a Student’s -test.

2.7. Statistics

Calculation of standard deviation and z-tests used
to assess significant differences were performed using
GraphPad Prism version 3.0 for Windows, GraphPad
Software, San Diego California USA, www.graphpad.
com.

2.8. Production of the mice

2.8.1. Exon deleted mice

The knockout mice were made using targeted homol-
ogous recombination. The knockout regions are shown
in Fig. 1. Panel A represents the wild-type gene. In
all knockouts the in-frame stop codon, located in the
intron between exons 4 and 5, was left intact to allow
expression of read-through AChE. Hence, AChE lack-
ing the capacity to oligomerize and associate with
membranes should be expressed. We have developed
three independent knockout mouse strains with dele-
tions in the alternatively spliced 3’ end of the AChE
gene (1B, 1C,and 1D); all were developed as shown in
Fig. 2.

The wild-type gene (Fig. 2A) was modified by site
directed mutagenesis (Fig. 2B) to include Cla 1 restric-
tion enzyme sites flanking the region to be deleted.
(The same 5’ sites were used to make the exon 5 and
exons 5+6 deletions whereas the same 3’ sites were
used to make the exon 6 and exons 5+6 deletions).
The deleted region was replaced by a cassette, 2.1kb
in length, that included the neomycin gene flanked
by loxP sites (Fig. 2C). This altered AChE gene con-
taining wild-type AChE gene sequence of 4kb on the
5’ end and 6kb on the 3’ end was propagated in
pBluescript.

The exon deletion constructs were linearized at a
unique restriction site in the vector and electroporated
into 129SvJ stem cells. Stem cells were exposed to G418
and the surviving colonies were screened for homolo-
gous recombination by Southern blotting using a probe
from a region outside the homologous arms of the trans-
fected construct. The selected cells were then injected
into blastocysts (C57Bl/6) and implanted in a foster
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Fig. 1. Location of deletions in the AChE gene. Rectangles represent
exons, a circle represents the intron regulatory region, and brackets
mark deletions. (A) Wild-type AChE gene, showing introns, transla-
tional stop signals, polyadenylation signals and exons 1-6. (B) Delete
exon 5, 153 bp deletion (12710-12863). (C) Delete exons 5 and 6,
853 bp deletion (12710-13562). (D) Delete exon 6, 255 bp deletion
(13307-13562). (E) Flox or delete intron regulatory region, 255 bp
floxed or deleted, (8181-8438).

mouse mother. Chimeric pups were bred to black mice
at maturity and agouti pups from the resulting litters
were screened by PCR for the presence of the altered
AChE gene. Heterozygous mice were then bred to pro-
duce homozygotes.

To eliminate the possible influence of the neomycin
gene insert on overall expression and splicing, het-
erozygous animals were bred with transgenic Ella-cre
mice (a kind gift from Anthony Wynshaw-Boris, [13]).
Ella-cre mice carry the bacterial Cre-recombinase gene
driven by the viral Ella promoter. Production of Cre-
recombinase is turned on at fertilization, and the loxP
flanked sequence is thus permanently deleted during
very early embryogenesis. Pups from matings of AChE
del E5/Neo x Ella-cre, AChE del E5+6/Neo x Ella-
cre and AChE del E6 x Ella-cre were screened by
PCR for the presence and absence of wild-type, exon
deleted/Neo containing, exon deleted/Neo deleted, and
Cre-recombinase sequences. Mouse strains AChE det
ES5, AChE del E6, and AChE del E5 + 6 were then estab-
lished by inbreeding the heterozygous exon deleted, Neo
deleted mice.

The steps to the construction of the mouse with a
floxed (flanked by loxP sites) intron regulatory region
(bp 8183-8438 [8]) in the AChE intron between exons 1
and 2 are shown in Fig. 3. The construct that was trans-
fected into the mouse stem cells contained 3 loxP sites.
The floxed regulatory region and the floxed selection cas-
sette shared a common central loxP site. The construct
shown in Fig. 3B was electroporated into stem cells and
those cells that survived exposure to G418 were screened
for homologous recombination of the gene construct
that included the floxed intron and selection cassette in
place of the wild-type gene. This screening employed
a Southern blot probe outside of the region included in
the construct. Selected cells showed an equal intensity
of wild-type and altered alleles. After karyotyping to
insure chromosomal integrity, stem cells were electro-
porated with a plasmid that expressed Cre-recombinase
and selected using the negative selectable marker thymi-
dine kinase. Colonies surviving exposure to gancyclovir
were analyzed by PCR, sequencing, and Southern blot-
ting to find cells that retained the floxed regulatory region
while having the selection cassette deleted. The steps
from blastocyst implantation to the birth of chimeric
mice paralleled that of the mice with exon deletions.

AChE expression in serum, brain, and muscle from
the floxed intron regulatory region mice when compared
with that from wild-type littermates was not significantly
different by unpaired ¢-test (data not shown). The first test
of the floxed intron regulatory mouse was mating with
an Ella-cre mouse to see the effect of the deletion of the
regulatory region from conception.

3. Results
3.1. Phenotype

Null mice (AChE del E5/Neo and AChE del E5+
6/Neo) with a retained neomycin gene, when compared
with their wild-type littermates, revealed several obvious
differences. The homozygous knockout mice are smaller
and weaker than their littermates. They also vocalize
with audible chirping where their wild-type littermates
do not. The AChE del ES+6/Neo deleted mice were
tested extensively and found to be severely impaired
in four measures of muscle strength (wire hang, cage
top hang, grip strength and pole test), and did not per-
form well in two measures of balance and coordination
(rotorod and balance beam). These mice also performed
poorly in a test of physical exertion (tread mill). The exon
deleted, neomycin gene retained animals also seem to be
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Fig. 2. Construction of alternatively spliced exon deletions. Boxes represent exons, triangles are loxP sites, and brackets mark the deletion. The
deletion of exon 5 is used as an example. (A) Wild-type gene with region to be deleted in brackets. (B) Exon 5 deleted, replaced by a single,
unique Cla 1 site. (C) Neomycin gene used for selection of transfected stem cells, flanked by loxP sites, is inserted in the introduced Cla 1 site. (D)
Through the action of Cre-recombinase the neomycin gene can be removed, the disruption of the AChE gene is reduced to a single loxP site and the
surrounding sequences used in cloning.

more prone to seizures than their wild-type or heterozy- The phenotype of the AChE del E5+ 6, neomycin
gous littermates (unpublished observations). Mice with deleted mouse shows some physical improvement over
the retained neomycin gene do not seem to be able to the neomycin gene retained animals. Although the mice
raise viable pups. ‘ still perform poorly in feats of strength (wire hang, cage-
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Fig. 3. Steps to a floxed and deleted intron regulatory region. Approximately 9kb of genomic sequence is shown. AChE exons are shown as
diagonally striped boxes, the critical 255 bp intron regulatory region is shown as a circle, loxP sites are represented by triangles. (A) The wild-type
ACHE gene. (B) Stem cell DNA after homologous recombination. The regulatory region is now flanked by loxP sites as is the neomycin/thymidine
kinase selection cassette. (C) Stem cell DNA after Cre-recombinase transfection and southern blot selection for partial deletion by Cre-recombinase.
Deletion of the selection cassette with retention of the floxed AChE regulatory region is shown. Stem cells were used for injection into blastocysts
at this stage, and chimeric mice were screened for germline transmission of the altered allele. Heterozygous floxed mice, AChE-RR (floxed), were
then bred to homozygosity. (D) The regulatory region is deleted by mating AChE-RR (floxed) mice with Ella-cre mice to delete the intron regulatory
region at fertilization.
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Fig. 4. Knockout mouse AChE activity in serum, brain and muscle. AChE activity in wild-type (open bars), heterozygous (striped bars) and
homozygous (black bars) knockout mice from each colony. (E1-6) is the total AChE knockout from O. Lockridge [5]. (ES/Neo) and (ES, 6/Neo):
exon deleted, neomycin cassette retained colonies. (ES), (E5, 6) and (E6): exon and neomycin deleted colonies. Bars represent the average AChE
activity from at least three mice; error bars are standard deviations. Values from wild-type mice are included to emphasize the variation between

inbred, mixed strain mice. (A) Brain. (B) Muscle. (C) Serum.

top hang, grip strength and pole test), their performance
on the tread mill and rotorod was not detectably impaired
when compared with wild-type littermates.

3.2. Distribution of AChE activity

Initial results showing AChE activity from the Neo
retained and Cre deleted altered AChE mouse genes are
shown in Fig. 4. Brain (Fig. 4A) and muscle (Fig. 4B)
AChHE activities are compared with the total AChE
knockout. The charts show comparisons between wild-
type, heterozygous and homozygous animals from the
same colony. Large variations in AChE activity from
animal to animal exist even in the wild-type controls,
likely due to the mixed genetic background of the mice.

An outstanding feature in all three tissues is the
extremely low amounts of AChE produced by animals
with the retained neomycin insert. AChE values are much
lower than one would have anticipated, especially with
the AChE del E5/Neo animal. Because exon 6 and its
splice acceptor were left intact, we anticipated splicing
of exons 1, 2, 3, 4 and 6 to give activity in brain and
muscle. There is little difference, in fact, between the
ACHE values for the AChE del E5/Neo and AChE del
E5+6/Neo animals.

When the inserted neomycin gene is deleted from
the genome of the knockout animal, a return of AChE
activity is seen. This is quite dramatic with the exon 5
deleted animal. AChE in brain and muscle is now not
significantly different from that of wild-type littermates.

Serum AChE (Fig. 4C) stays depressed although the
exon 5 spliced GPI anchored AChE forms are thought
to be associated with the hematopoietic system [1]. If
one looks at serum AChE on sucrose density gradients
in both Triton X-100 and Brij-96 (summary in Table 1)
one sees two peaks, the major peak is a monomer that
runs at 3S and the minor peak runs at 11S. Neither peak
shifts to a lower S value in Brij-96 indicating that neither
species has an exposed region of hydrophobic residues
that could associate with the detergent.

Serum from the exon 5+ 6 deleted mouse without the
neomycin insert is interesting in that the amount of AChE
activity nearly doubles over that of the wild-type mouse.
This AChE runs as a single peak at 3S, characteristic of a
monomer (Table 1). One expects to see monomeric, read
through AChE as no other splice options are available.

The deletion of the intron regulatory region produced
most intriguing results. We first tested tissue and blood

Table 1
Sucrose density gradient analysis of serum AChE

Triton X-100 Brij-96
Wild-type 3.58, 118 48, 10.58
Delete Exon 5 38,118 48,118
Delete Exons 5+6 48 458

Sedimentation coefficients of major peaks are shown. Serum samples
were run on 3-20% sucrose density gradients (in the buffer described
under ‘tissue activity’ in the methods section) in the presence of either
Triton X-100 or Brij-96. Gradients were spun for 18-20 h at 40,000 rpm
in an SW 41-Ti rotor (Beckman Coulter) at 4 °C.
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from the floxed (AChE-RR(floxed)) mouse and found
ACHhE levels to be not significantly different from those
of wild-type littermates. When the intron region was
deleted from the genome (AChE-RR (del)), results are
quite dramatic; AChE activity in muscle is drastically
reduced, but brain activity is near normal. Serum AChE
is also severely reduced in the intron deleted mice. When
this serum is run on a sucrose density gradient and AChE
activity is measured, there is a very small peak at 3S (data
not shown).

4. Discussion

The construction and analysis of a complement of
knockout mouse strains have added a new dimension to
the analysis of gene deletions in cultured cells. Some
of the findings are predictable, while others reveal new
complexities that surround the regulation of AChE gene
expression.

The most prevalent spliced form of the AChE mes-
sage is the joining of exons 1, 2, 3, 4, and 6. The pro-
tein encoded by this message is found predominantly in
brain and muscle. It seems that the deletion of exon 6
ablates activity in brain, but muscle retains about 40%
of normal activity. The deletion of both exons 5 and 6
together causes an identical reduction, so it is probable
that there is default production of read-through AChE in
the absence of exon 6 rather than production of the GPI
anchored form. Sedimentation analysis of AChE from
muscle extracts should confirm the splice choice. The
phenomenon of altering the default splice in muscle has
been studied extensively in C2C12 cells [14] and it is
possible to change the absolute splice to exon 6. The
ACHhE activity differences between brain and muscle are
also interesting in terms of AChE regulation. It will be

" important to look at relative message levels in both tis-
sues to determine whether this muscle/brain difference
comes at the level of translation, message production, or
protein turnover in different tissues.

One would have expected that AChE in the brain and
muscle of the AChE del E5/Neo knockout would be near
normal, as it is the exon 6 spliced sequence that is primar-
ily expressed in these tissues [15]. The consequences of
the inclusion of the 2.1 kb neomycin cassette are dra-
matic; although alternatively spliced exon 6 with all
its cis-acting splice consensus sequences intact is avail-
able and the tissue is producing the correct trans-acting
factors, the architectural modification of the unspliced
message prevents the splice to exon 6.

If the neomycin insert replaces the deletion of exons
5 and 6, AChE expression in brain, muscle and serum
is virtually abolished. When the neomycin sequence is

deleted, AChE levels in muscle increase very slightly
and serum levels increase more markedly; the animals,
although they are still weak, show improved physi-
cal performance on the rotorod and treadmill. A small
increase in AChE production helps mitigate the severely
compromised phenotype.

Preliminary studies of RNA in muscle and brain by
RT-PCR show that the Neo retained knockouts are mak-
ing message that includes the neomycin gene and that
this RNA is stable (data not shown). In contrast to the
intron deletion knockout where no RNA is found [6],
the loss of AChE expression in the neomycin gene con-
taining AChE exon deleted knockouts is likely not a
consequence of diminished transcription or altered RNA
stability.

Examination of serum from the knockout animals
has provided some surprising results. Knockout mice
with exon 5 deleted have ~40% of the wild-type level
of AChE, exon 6 deleted animals produce normal lev-
els of AChE, but when both exons 5 and 6 are deleted
the knockout homozygote produces double the normal
amount of serum AChE. Sucrose density gradient anal-
ysis of serum from these animals shows that except for
the small amount of soluble tetramer seen in wild-type
and exon 5 deleted animals, the major AChE species is a
monomer. This monomer does not shift in the presence of
Brij 96; it does not bind detergent, and appears to be iden-
tical in knockout and in wild-type mice. Indeed it seems
that the read-through species of AChE is expressed in the
wild-type mouse and it can be found in serum. It will be
interesting to search for the origin of its production and
synthesis. Why the exon 5+ 6 deleted animal produces
twice as much AChE in serum as the wild-type animal is
a phenomenon that bears further investigation. Perhaps
this up-regulation of AChE will help elucidate control or
feedback mechanisms found in the intact animal.

The 118 peak is missing in serum from the exon 5+ 6
deleted mouse. This allows us to assign the 11S species
the title of soluble tetramer, (G4na) a gene product of
the splice to exon 6, confirming the structures shown by
Massoulie et al. [16].
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Click Chemistry In Situ: Acetylcholinesterase
as a Reaction Vessel for the Selective Assembly
of a Femtomolar Inhibitor from an Array of
Building Blocks**
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The generation and/or optimization of lead compounds by
combinatorial methods has become widely accepted in
medicinal chemistry, and is the subject of continued improve-
ment.'") However, most combinatorial strategies remain
dependent upon iterative cycles of synthesis and screening.
The direct involvement of the target, usually a receptor or
enzyme, in the selection, evolution, and screening of drug
candidates can accelerate the discovery process by short-
circuiting its traditionally stepwise nature.l+-'1l

The use of an enzyme target to select building blocks and
synthesize its own inhibitor is a relatively unexplored option.
This approach depends on the simultaneous binding of two
ligands, decorated with complementary reactive groups, to
adjacent sites on the protein; their co-localization is then
likely to accelerate the reaction that connects them.['2l When
the catalysis of such bond formation is blocked by product
inhibition, the higher affinity products!'>1l then serve as lead
compounds. This and similar approaches that have been
adopted by a number of investigators employ one of five types
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of connecting reactions: formation of hydrazone or Schiff
base adducts, disulfide bond formation, alkylation of free
thiols or amines, epoxide ring-opening, or olefin metathe-
sis.l5 & 8111519 Most closely related to the work described
herein is the generation of carbonic anhydrase inhibitors by
using the Sy2 reaction of a thiol with an a-chloroketone in the
presence of the enzyme target.l'!

Most of the above strategies share the limitation that the
reactive groups on the ligand probes (building blocks), being
either electrophiles or nucleophiles, are likely to react in
undesired ways within biochemical systems. An alternative is
offered by the “cream of the crop” among “click reac-
tions”l—the Huisgen 1,3-dipolar cycloaddition of azides and
acetylenes to give 1.2,3-triazoles [Eq. (1)].2*-?"1 This water-
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tolerant reaction employs functional groups that are generally
compatible with enzymes under physiological conditions?* 23]
and are readily incorporated into diverse organic building
blocks. Its dependence on the enforced propinquity and
proper alignment of the reactants, which gives rise to large
negative values of AS*, makes it ideal for the purpose at hand.
Mock and co-workers established that the rate and regiose-
lectivity of the azide —alkyne cycloaddition can be dramati-
cally enhanced by sequestering the two components inside a
host structure.??’l Their results with cucurbituril (My=
997 Da) as the catalyst in water bear an uncanny resemblance
to those reported here for reaction inside a protein host.

We selected the enzyme acetylcholinesterase (AChE),
which plays a key role in neurotransmitter hydrolysis in the
central and peripheral nervous systems,* 3" as the target.
ACHE contains a narrow gorge approximately 20 A in depth,
lined with aromatic side chains.F23 The active center,
comprised of the acylation and choline-binding sites, is
located at the gorge base; a “peripheral” site is found at its
rim. Small-molecule ligands for each of these sites are known,
and inhibitors that span the active center and the peripheral
site have also been shown to exhibit tighter binding than the
individual components.**!

As a proof of principle AChE was used to select and
synthesize a triazole-linked bivalent inhibitor by using known
site-specific ligands as building blocks. A selection of site-
specific inhibitors based on tacrine® % and phenanthridini-
umP® 4 motifs decorated with alkyl azides and alkyl acety-
lenes of varying chain lengths (Scheme 1) was prepared by
variations of known methods!*" %41 Although reversible
AChE inhibitors are used clinically to treat Alzheimer’s
dementia,l™! these compounds should be handled with care,
since high-affinity inhibitors are potentially neurotoxic. The
building blocks shown in Scheme 1 allow for the presentation
of 98 potential bivalent inhibitors to AChE: 34 regioisomeric
pairs (syn and anti triazoles) of mixed tacrine/phenanthridi-
nium adducts (FZ2-6/PA2—-6 and TA1-3/PZ6-8) and 15
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Scheme 1. Azide and acetylene building blocks. Key: T=tacrine, P=
phenanthridinium. A =alkyne terminus. Z = azide terminus, #, m =num-
ber of CH, units in the chain connecting the binding and reactive moietics.

regioisomeric pairs of tacrine/tacrine triazoles (TA1-3/TZ2-
6).1%) Each of the possible binary mixtures was incubated in
the presence of Electrophorus AChE at room temperature. 4!
The rate of reaction under these conditions in the absence of
enzyme is negligible,*] so detectable
amounts of triazole products should form
only when the azide and alkyne are
brought together by the enzyme. There-
fore, product formation is a direct indi-
cation of a potential “hit”.

Examination of the 49 reactions by
DIOS mass spectrometry®® ! showed
only one combination, TZ2 + PAG, in
which a detectable amount of the corre-
sponding triazole (compound 1) was
produced, an observation confirmed for
a subset of reactions by more cumber-
some HPLC-MS methods.* Control ex-
periments established that blocking of
the enzyme active center in either cova-
lent or noncovalent fashion inhibits the
formation of triazole 1P which demon- o

Detailed kinetic analyses of the binding and inhibitory
properties of syn- and anti-1 against Electrophorus, Torpedo,
and mouse AChE were performed by using both stopped-
flow® and conventional (Ellman assay'®) techniques (Ta-
ble 1).%2 Dissociation constants (K,) of syn-1 of 77 to
410 femtomolar (fM) were found, depending on the species,
which makes it the most potent noncovalent AChE inhibitor
known to date by approximately two orders of magni-
tude.* %! The anti-1 isomer exhibited K, between 720 fm
and 14 pM, a value as much as 140 times larger than that of
the syn compound. Thus, the more active syn-triazole
regioisomer is the same structure that is preferentially
assembled by the enzyme.

The dissociation constants for both syn- and anti-1 are
substantially lower (i.e. higher affinity) than their components
(10-100 nM for tacrine and low pm for propidium). We find
that both isomers access the enzyme at rates similar to each
other and to tacrine, but differ in their rates of dissociation
(off-rates), with that for syn-1 being extremely slow. In
addition to the entropic benefits expected from tethering two
binding elements to each other, the linker assembly, which
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cycloaddition reaction. Furthermore, it Figure 1. Left: HPLC analysis of thermal and AChE-templated assembly of TZ2 and PAG6.

was found that 2+ 1 equivalents of tria-
zole were made per equivalent of active
enzymel! which suggests that the adduct
was bound tightly by AChE.

Authentic samples of triazoles from seventeen of the
possible azide —alkyne combinations were prepared by heat-
ing the components together at 80 °C in the absence of solvent
for six days. The products were obtained in high yield,
typically as equimolar mixtures of the syn (1,5-triazole) and
anti (1,4-triazole) regioisomers. When desired, the regioisom-
ers were separated by HPLC and independently characterized
by MS and 'H-NMR (nOe). Comparison of the HPLC traces
of the enzyme-templated product and the authentic mix-
ture of syn- and anti-1 (from thermal cycloaddition between
TZ2 and PAG6 in the absence of enzyme) revealed that the in
situ reaction generates predominantly the syn isomer (Fig-
ure 1).

1054 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

A) Product from in situ assembly in the presence of AChE. B) Triazole 1 prepared by thermal
reaction; equal amounts of syn and anti isomers were isolated. C) Solution (A) plus a small amount of
solution (B). Right: syn- and anti-isomers of 1

Table 1. Kinetic parameters derived for binding of 1, and literature data for
related noncovalent inhibitors of AChE from various species.

Inhibitor kon Ko K, AChE source
[10®M~'min~'] [min~!]

syn-1 15 0.0015 99 fm  E. electricus
13 0.0011 77t T californica
13 0.0079 410 fs  mouse

anti-1 1.8 0.25 14000 fm  E. electricus
32 0.026 720t T californica
2.4 0.30 8900 fM  mouse

tacrinet®! 0.78 138 18nM  mouse

propidiumt 14 15000 1100 nM  mouse

huprine X%} 0.044 0.009 26pM  human

ambenonium™  0.31 0.78 250pM  human
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consists of the two methylene chains and the triazole, may also
interact favorably with the enzyme.

Docking of anti and syn-1 in AChE from Torpedo
californica (PDC code 1ACJ with Trp279 adopting the
conformation found in 1ACL) with the program AutoDock
v.3.055%6] shows that the tacrine portion of the inhibitor can be
accommodated at the bottom of the active center gorge
(practically superimposed on tacrine in the crystal structure),
while the phenanthridinium piece is likely to be located in the
peripheral site at the rim of the gorge (Figure 2). Interestingly,
the triazole moiety is predicted to lie below (deeper than) the
narrowest point of the gorge (defined by Phe330, Tyr334,
Phe 331, Phe 288, Trp 233, Phe 290, and Tyr 121).1¥]

PAS

Figure 2. Left: TZ2 and PA6 components used for in situ assembly of 1.
The estimated binding constants to AChE shown are those of the tacrine
and propidium, respectively, which lack azide or alkyne functional groups.
Right: Clipping plane (blue) revealing the T. californica AChE active
center gorge. The lowest-cnergy docked conformer of syn-1 is shown.
Alkyne and triazolc carbon atoms appear in pink, nitrogen atoms in blue,
and nitrogen-bound H atoms in black; all other H atoms are omitted for
clarity.

It is apparent that the narrow confines of the AChE gorge
impart high selectivity to the assembly reaction. For example,
a preliminary survey of the relative potency of a selection of
adducts made by thermal 1,3-dipolar cycloaddition as descri-
bed above shows that the connectivity of the triazole does not
seem to be as important as its position (both TZ2/PA6 (1) and
TA2/PZ6 are highly potent, but TZ6/PA2 is not). While we
suspect that the unique adduct preferentially assembled by
the enzyme (i.e., syn-1) is also likely to be the strongest
inhibitor among the 98 triazoles which could have been
synthesized, further measurements are in progress to confirm
or refute this hypothesis.

‘We have shown that an enzyme can select and synthesize an
extremely potent inhibitor from a parallel array of building
blocks by using 1.3-dipolar cycloaddition reactions. This
process, which is distinguished by its slow background rate
and biocompatibility, provides an excellent probe of the
ACHE binding landscape. Function can be developed in situ as
the individual blocks explore the biomolecular target for
recognition elements. A permanent nexus in the form of the
robust triazole linkage is made only when two cross-reactive
blocks find themselves temporarily moored at adjacent sites,
locking in topological and/or dynamic information about the
biostructure which recruited them.

We anticipate that “false positives” will be relatively rare in
the “in situ” approach. Assuming that the enzyme active site
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or an important allosteric site is the template, and that the
background rate of the reaction that connects the blocks is
low, the formation of a bond between two blocks in situ
virtually guarantees that the resulting adduct will be a
valuable hit or lead compound for enzyme inhibition. A
potential disadvantage of the application of “in situ” click
chemistry to inhibitor discovery is the possibility of “false
negatives” (effective inhibitors that are not assembled in the
enzyme). Improvements in analytical methods and adjust-
ments in the background rate of reaction of the components
will help alleviate this problem.

In principle, target-directed assembly of inhibitors could be
monitored by assays of enzyme activity instead of detection of
the linked inhibitor molecule. In our view, such screening for
function, when feasible, is almost always preferred. However,
when function is difficult to measure in high-throughput
fashion, the detection of potential inhibitors formed by the
target is an attractive alternative, as demonstrated here. This
latter approach should also facilitate true combinatorial
experiments, in which multiple candidate blocks are incubat-
ed with the target.

In general, the 'in situ and traditional (screening of
prefabricated candidates) methods of discovery are comple-
mentary, and tend to merge with the use of increasingly
reliable synthetic transformations. That such a potent inhib-
itor as syn-1 was found directly by using the azide-alkyne
cycloaddition to unite the probe molecules is interesting, but
its broad utility as a search tool remains to be established.
Nevertheless, the special qualities of this reaction bode well

for its use in creating or amplifying function.
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Highly Enantioselective Desymmetrization
of Anhydrides by Carbon Nucleophiles:
Reactions of Grignard Reagents in the
Presence of (—)-Sparteine**

Ryo Shintani and Gregory C. Fu*

The desymmetrization of meso and other prochiral com-
pounds represents a powerful approach to asymmetric syn-
thesis,/! and a number of enantioselective total syntheses have
been based on this strategy.”! The desymmetrization of
anhydrides has been a particular focus of interest. Most
investigations of this family of substrates have employed an
alcohol as the nucleophile® [for example, a chiral alcohol™ or
an achiral alcohol in combination with a chiral catalyst;/®
Eq. (1)]. In addition, success has been reported for reactions
with a stoichiometric quantity of an enantiopure reducing
agent!d or amine.l”)

ROH/base o ® 0

ROJJ\/l\/u\OH (1)

desymmetrization

ROH and/or the base is chiral

On the other hand, very little progress has been described
for the desymmetrization of anhydrides with carbon-based
nucleophiles. In fact, to the best of our knowledge, only one
report has begun to successfully address this challenge, a study
by Real and co-workers that focused on the reaction of a
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single substrate, a bicyclic anhydride, with Grignard reagents
bearing chiral oxazolidine auxiliaries.’l In an attempt to
remedy this methodological deficiency, we have recently
initiated an investigation of the desymmetrization of anhy-
drides by carbon nucleophiles. Rather than covalently attach-
ing a chiral auxiliary to the nucleophile and then releasing it,
we chose to concentrate our efforts on the use of chiral ligands
as the source of asymmetry. Here we report that (-)-
sparteine-bound Grignard reagents effectively desymmetrize
an array of cyclic anhydrides to furnish ketoacids in very good
enantiomeric excess.

In our initial work, we decided to explore the ring-opening
of 3-phenylglutaric anhydride by phenylmagnesium chloride.
We examined a structurally diverse set of chiral ligands
(Scheme 1) that have proved useful in a number of other

(-4

Scheme 1. Ligands used in preliminary experiments.

enantioselective processes, including a simple aminoalcohol
(Table 1, entry 1), a cinchona alkaloid (entry 2), a bisoxazo-
line (entry 3), and a dimethy! ether (entry 4). Disappointingly,
all were rather ineffective at desymmetrizing the anhydride
(<40% ee). Fortunately, however, we discovered that readily
available (—)-sparteine accomplishes the ring opening with
high enantioselectivity (88 % ee; entry 5).

Of course, we are not the first to document the remarkable
capacity of (—)-sparteine to control enantioselection. Pioneer-
ing observations by Nozaki et al. in the 1960’s!¥l have been
followed by fascinating studies by a number of groups,
including those of Hoppe and Beak.I'> !l The large majority

Table 1. Desymmetrization of 3-phenylglutaric anhydride by PhMgCl: a
survey of chiral ligands.®!

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Ph
1.0 equiv
of ligand O Pho O
pmger ———— I L
o070 X0 toluene Ph * OH
1.0 equiv -78°C,9h
Entry Ligand ee (%] Yield [%]
1 )1 1 76
oibl (+)2 12 76
3 (+)3 3 66
4 (-)-4 39 77
5 (-)-5 88 63

[a] All data arc the average of two runs. [b] 2.0 equiv of PhMgCl was used.
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Freeze-frame inhibitor captures acetylcholinesterase

in a unique conformation
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The 1,3-dipolar cycloaddition reaction between unactivated azides
and acetylenes proceeds exceedingly siowly at room temperature.
However, considerable rate acceleration is observed when this

reaction occurs inside the active center gorge of acetylcholines- -

terase (AChE) between certain azide and acetylene reactants,
attached via methylene chains to specific inhibitor moieties selec-
tive for the active center and peripheral site of the enzyme. AChE
catalyzes the formation of its own inhibitor in a highly selective
fashion: only a single syni-triazole regioisomer with defined
substitution positions and linker distances is generated from a
series of reagent combinations. Inhibition measurements revealed
this syn7-triazole isomer to be the highest affinity reversible
organic inhibitor of AChE with association rate constants near the
diffusion limit. The corresponding anti? isomer, not formed by
the enzyme, proved to be a respectable but weaker inhibitor. The
crystal structures of the syn?- and antiT-mouse AChE complexes at
2.45- to 2.65-A resolution reveal not only substantial binding
contributions from the triazole moieties, but also that binding of
the syn1? isomer induces large and unprecedented enzyme confor-
mational changes not observed in the anti7 complex nor predicted
from structures of the apoenzyme and complexes with the pre-
cursor reactants. Hence, the freeze-frame reaction offers both a
strategically original approach for drug discovery and a means for
kinetically controlled capture, as a high-affinity complex between
the enzyme and its self-created inhibitor, of a highly reactive minor
abundance conformer of a fluctuating protein template.

Acetylcholinesterase (AChE) rapidly terminates cholinergic
neurotransmission by catalyzing the hydrolysis of the neu-
rotransmiitter, acetylcholine, and inhibitors of AChE have been
used for over a century in various therapeutic regimens (1, 2).
The structure of the target enzyme reveals a narrow gorge ~20
A in depth with the catalytic triad of the active center at its base
(3). Distinctive inhibitors bind to the active center or to a
peripheral anionic site (PAS) located at the rim of the gorge near
the enzyme surface (4-6). Previously, we generated a library of
active site and PAS inhibitors with respective tacrine and
phenanthridinium nuclei, each equipped with an azide or acet-
ylene group at the end of a flexible methylene chain, to enable
the reporting 1,3-dipolar cycloaddition to occur (Scheme 1) (7).
AChE itself served as the reaction vessel, synthesizing its own
inhibitor from these building blocks, in effect, by equilibrium-
controlled sampling of various possible pairs of reactants in its
active center gorge until irreversible cycloaddition between azide
and acetylene ensued at an intersecting point within the gorge,
between the two anchoring positions. From 49 building block
combinations, the enzyme selected the TZ2/PAG6 pair to form,
with an enhanced reaction rate, a highly regioselective synl
triazole as the sole product (Scheme 1). In contrast, chemical
synthesis by thermal reaction in the absence of enzyme proceeds
very slowly and provides an =~1:1 mixture of synl and antil
regioisomers, which differ in the nitrogen substitution positions
on the 1,2,3-triazole. Although both are high-affinity inhibitors,
the synl isomer, with a 100-fold greater affinity and a subpico-

www.pnas.org/cgi/doi/10.1073/pnas.0308206 100

synt

Scheme 1. Structures of the anti7 and syn7 TZ2PAG6 regioisomers formed by
1,3-dipolar cycloaddition (7). The phenylphenanthridinium, triazole, and ta-
crine moieties are shown from top to bottom.

molar dissociation constant for certain AChEs (7), has a potency
greater than all known noncovalent organic AChE inhibitors and
high selectivity for individual cholinesterases.

The discovery that enzymes can serve as atomic-scale reaction
templates for creating their own inhibitors offers an original
approach to drug discovery. In this light, we have solved the
crystal structures of complexes of mouse AChE (mAChE) (8, 9
with the TZ2PAG6 antil and synl regioisomers at 2.45- and 2.65-
resolution (Table 1 and Fig. 1) and have analyzed further their
respective binding kinetics and affinities (Table 2). We show that
the distinctive binding properties of the two isomers in solution
are related to discrete rearrangements in both the ligand and
enzyme conformations. Indeed, the active center gorge and PAS
conformations for the two crystalline complexes differ greatly,
where binding of the higher affinity syn7 isomer unveils a unique
enzyme conformation not predicted from the structures of either
the apo form or the complexes with the precursor reactants (10,
11). Hence these structures reveal that the synl compound
specifically formed on the enzyme effectively freezes in frame a
highly reactive AChE conformer, and that the two TZ2PA6
regioisomers select distinct conformations from an unliganded
enzyme that is presumably fluctuating between multiple con-
formational states. Because the unique structural features seen
for the synI-mAChE complex likely reflect the unique proximity

Abbreviations: AChE, acetylcholinesterase; mAChE, mouse AChE; PAS, peripheral anionic
site.

Data deposition: The atomic coordinates and structure factors of the anti?- and syni-
mAChE complex structures have been deposited in the Protein Data Bank, www.rcsb.org
{PDB ID codes 1Q84 and 1Q83, respectively)

1To whom correspondence may be addressed. E-mail: marchot.p@jean-roche.univ-mrs.fror
yves@afmb.cnrs-mrs.fr.
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Table 1. Data collection and refinement statistics

TZ2PAG isomer
complexed to mAChE

antil syni

Data collection*

Beamline (European Synchrotron ID14-EH1 ID14-EH2

Radiation Facility)

Wavelength, A 0.933 0.933

Resolution range, A 25-2.45 25-2.65

Total observations 549,476 513,851

Unique reflections 74,834 59,650

Multiplicity 39 3.6

Completeness, % 99.8 (99.7) 99.8 (99.9)

1ol 9.3(1.8) 8.2 (1.8

Rsym? 5.7 (43.5) 6.5 (42.0)
Refinement*

R factor/Reree, % 18.4/21.4 18.1/22.0
rms deviationS

Bonds, A/angles, ° 0.015/1.5 0.015/1.5

Chiral volume, A3 0.085 0.084
Mean B factors, A

Main/side chains 53.4/55.2 49.7/51.6

Solvent/carbohydrate 50.8/91.5 46.7/95.2

Ligand/polyethylene glycol 63.5/72.2 57.2/66.3
rms deviation on B factors, A2

Main/side chains 0.9/1.6 0.9/1.6

*Values in parentheses are those for the last shell.

TRym = |1 — (N |/ I, where I is an individual reflection measurement and (/) is
the mean intensity for symmetry-related reflections.

*Rfactor = S||Fo | —{F||/=|Fo|, where F, and F are observed and calculated
structure factors, respectively. Ry is calculated for 2% of randomly selected
reflections excluded from refinement.

Srms deviation from ideal values.

of reactants causing the higher affinity syn/ isomer to be the sole
reaction product in situ, these structures also provide insights on
the cycloaddition reaction occurring on a flexible protein tem-
plate and at a locus remote from the anchoring binding sites of
the precursors. Thus, the unique structure of the complex
captured by click chemistry leads to an unusual strategy for drug
design where the most selective agents induce distinctive con-
formational states of the target.

Experimental Procedures

Preparation and Analysis of the Complexes. The TZ2PAG6 antil and
synl isomers were synthesized as described (7). Monomeric
mAChE expressed from human embryonic kidney-293 cells (9)
was purified by affinity chromatography by using propidium
elution (10). The antil- and synl-mAChE complexes were
prepared by using a 2-fold molar excess of the inhibitors and
concentrations well above their Kys (=135 uM ie., 15 10° x
Kianuy and 330 10° X Kjeyny; Table 2) (7, 10). Titration of the
isomer stock solutions (e49onm = 6,000 M~!-cm~1) and analysis
of the complex solutions were carried out spectrophotometri-
cally (10).

Crystallization and Data Collection. Crystallization was achieved at
4°C by vapor diffusion by using hanging drops (1-2 ul) and a
protein-to-well solution ratio of 1:1 with polyethylene glycol-600
25-32% (vol/vol) in 20-100 mM Hepes, pH 6.0-7.5, as the well
solution. The crystals were directly flash-cooled in the nitrogen gas
stream {100 K); optimal occupancies of the crystalline PASs were
controlled by spectrophotometry before data collection (10). The

crystals belonged to the orthorhombic space group P22,2; with
unit cell dlmcnswm a=797A,b=1119A, and c = 2265 A.

1450 | www.pnas.org/cgi/doi/10.1073/pnas.0308206100

Fig.1. Overall fold and structural quality of the TZ2PA6-mAChE complexes.
(A) Overall view of the mAChE molecule {cyan ribbon) showing the synf
isomer (orange bonds; transparent molecular surface) bound within the en-
zyme active-site gorge; the long € loop Cys-69-Cys-96 is displayed in yeliow. (8
and C) Determined structures of the bound anti? and synt isomers (yellow and
orange bonds, respectively; blue nitrogens; numbered triazole atoms; same
orientation as in Scheme 1), with the respective 2.45- and 2.65-A resolution
final 2F,~F electron density maps contoured at 1 & (cyan).

Oscillation images were integrated with DENZO (12), and data were
scaled and merged with scara (13).

Structure Determination and Refinement. Coordinates of the anti]
and synl molecules were obtained from docked simulations of
TZ2PA6-TcAChE complexes (7). The apo-mAChE structure
(Protein Data Bank ID code 1J06) (10) without solvent was used
as a starting model to refine the antil- and synl-mAChE complex
structures with CNS (14) and REFMAC (15) (Table 1). Rigid-body
refinements on each of the two subunits in the crystalline
mAChE dimer (10) gave R factor values of 25.2% and 24.8%
(Rirce values of 25.8% and 25.3%) for the antil and synl
complexes, respectively, by using all data in the 25- to 2.45/
2.65-A resolution range. The resulting 2F,—F, and F,—F, ¢clec-
tron density maps were used to position the inhibitors and
correct the protein model with the graphics program TURBO-
FRODO (16).

The final two TZ2PA6-mAChE structures comprise residues
Glu-1-Ala-541 and Glu-4-Thr-540 for the two mAChE mole-

Bourne et al.




Table 2. Kinetic parameters for inhibition of various cholinesterases by the TZ2PA6 isomers

syni antil

Enzyme kon, 1070 M~ tmin~? kots, 1073 min—? Ki, fM kon, 1070 M~ tmin—1 kott, 1073 min—1 K;, fM

mAChE* 1.7 7.1 410 25 220 8,900
mAChE mutant Trp286Ala 0.94 19 2,000 0.87 1,800 210,000
AChE, Electrophorus electricus* 1.5 1.5 99 1.8 250 14,000
AChE, Torpedo californica* 1.4 1.1 77 3.2 23 720
AChE, Drosophila melanogaster 2.0 72 3,600 3.4 58 1,700
Butyrylcholinesterase, mouse 0.36 2.6 720 0.69 3.2 460

Parameters are means of n = 3 individual values with SD = 20%.
*Modified from ref. 7.

cules in the asymmetric unit (10). High-temperature factors and
weak electron densities are associated with residues Cys-257,
Pro-258, and Asp-265 in the short ( loop Cys-257-Cys-272 and
with the surface loop region Asp-491-Pro-498. The average rms
deviation (rmsd) between the gntil and syn] complex structures
is 0.24 A for 535 Ca atoms. Between the antil and synl
complexes and the apo form, the rmsds are 0.19 and 0.23 A for
534 and 533 Ca atoms, respectively. The stereochemistries of the
bound isomers were checked by using the MM2 force field as
implemented in MACROMODEL (17). Those of the structures were
analyzed with PROCHECK (18); with the exception of the catalytic
Ser-203, no residues were found in the disallowed regions of the
Ramachandran plot. Figs. 1-3 were generated with SPOCK (19)
and RASTER3D (20).

Inhibition Studies. Inhibition constants were measured from the
ratio of dissociation and association rates ascertained by con-
ventional mixing and stopped-flow instrumentation (7). The
mAChE Trp286Ala mutant was expressed, sequence verified,
and concentrated from the expression medium as described (21).
Purified AChE from D. melanogaster was a gift from D. Fournier
(Institut de Pharmacologie et de Biologie Structurale, Toulouse,
France).

Results and Discussion

Overall View of the TZ2PA6-mAChE Complexes. The structures of
mAChHE in complexes with the antil and synl regioisomers (Fig.
1) show the canonical catalytic subunit, made up of a 12-stranded
central B-sheet surrounded by 14 a-helices (10, 22, 23), and
well-ordered bound inhibitor molecules. The isomer-binding site
may be deconstructed into three discrete loci: (i) the active
center at the base of the gorge that binds the tacrine moiety; (if)
an intervening site in the constricted region within the gorge that
associates with the triazole moiety and adjacent methylene
groups; and (iii) the PAS at the rim of the gorge that binds the
phenylphenanthridinium moiety.

The antil-mAChE Complex. In the antil complex, the tacrine
moiety is positioned at the base of the mAChE gorge similar to
the T. californica AChE-tacrine complex (11) (Fig. 24). How-
ever, the density maps clearly reveal a slight bend in the moiety
that may enhance =-m stacking of the tetrahydroaminoacridine
ring inserted between the Trp-86 and Tyr-337 aromatic side
chains. At the region of constriction formed by the side chains
of Tyr-124, Phe-297, Tyr-337, and Phe-338, =~5-8 A into the
gorge, the triazole establishes van der Waals contacts with the
Phe-297 and Tyr-341 side chains. The hydroxyl groups of Tyr-337
and Tyr-124, on opposite sides of the gorge, are hydrogen-
bonded to the triazole N2 and N3 atoms and may interact with
the heteroaromatic m-system. The dimethylene linker connect-
ing the tacrine and triazole is well ordered within the gorge and
in van der Waals contact with the side chains of the conserved
residues Asp-74, Tyr-124, and Tyr-341.
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At the PAS, the phenylphenanthridinium moiety is positioned
by the hexamethylene chain that links it to the triazole. Major
interactions include a near-parallel stacking of the planar
phenanthridinium with the Trp-286 indole, an edge-to-face
arrangement with the Tyr-72 ring, and stabilizing interactions
with the Ser-293 hydoxyl and GIn-291 carbonyl (Figs. 24
and 3A4). The antil exocyclic phenyl moiety, nearly buried at
the gorge entrance and in a T shaped arrangement with the
Tyr-72 and Trp-286 side chains, orients to establish van der
Waals contacts with the Asp-74, Tyr-124, and Tyr-341 side
chains and hydrogen bonds with the Tyr-72 hydroxyl and Ser-293
N, O, and Ov atoms. Partial delocalization of electrons between
the Trp-286 indole and the phenanthridinium observed in the
density maps suggests formation of a charge-transfer complex,
similar to that observed in the decidium-mAChE complex (10)
(Fig. 2D). '

The architecture of the PAS region in the antil-mAChE
complex (Figs. 24 and 34) is virtually identical to that seen in
the decidium- and propidium-mAChE complexes (10), and the
major interactions involved in the phenanthridinium-Trp-286
stacking are retained (Fig. 2D). Yet the phenylphenanthridinium
adopts distinctive orientations in the PAS in the three complexes.
In the antil complex, the phenanthridinium is rotated by ~180°
%round its centroid axis, whereas this centroid is translated by 1.5
A from its position in the other two complexes. This positioning
leads to stabilizing interactions of the antil phenanthridinium
with the GIn-291 and Ser-293 side chains, instead of the His-287
imidazole located across the gorge opening, and to a distinct
environment for the exocyclic phenyl group. This versatility in
the rotational and translational orientations of the bound phe-
nylphenanthridinium relative to the Trp-286 side chain adds a
new dimension to the design of molecules that associate with the
PAS region.

The syn1-mAChE Complex. The structure of the syn/-mAChE
complex differs considerably from that of the antil-mAChE
complex, due to the respective 1,5- and 1,4-disubstitution of the
synl and antil 1,2,3-triazole rings (Scheme 1, Fig. 1). The antil
isomer adopts an elongated flat shape, whereas the syn! isomer
presents a corkscrew-like topology that provides greater surface
complementarity with the gorge walls, resulting in fewer solvent-
filled voids around the bound syn! (Figs. 2 B and C and 3B).
Whereas the tacrine moiety in both complexes is positioned
similarly within the active site, the triazole in the synl complex
is shifted 2 A deeper into the gorge, where it is held in place by
the tacrine ring and the Phe-297 and Phe-338 side chains.
Consequently, a single 7-aromatic interaction may exist between
the synl triazole and Tyr-124 hydroxyl, and a water-bridged
hydrogen bond is created between the triazole N3 and the
catalytic Ser-203 Oy and Gly-121 amide backbone. Additional
van der Waals contacts occur between the triazole and the
Gly-121-Gly-122 dipeptide backbone and Tyr-124 side chain.
The shifted syn triazole occludes the Tyr-337 ring, which sweeps
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Fig. 2. Close-up views of the TZ2PA6-mAChE complexes. (A and B) Bound
anti1 and syn7 isomers (colored as in Fig. 1) with interacting mAChE side chains
colored white, yellow, and green/magenta (blue, nitrogens; red, oxygens) for
those that respectively interact with the tacrine, triazole, and phenanthri-
dinium moieties of the isomers. The isomer molecular surfaces are displayed
in transparency. The side chains of the catalytic residues Ser-203, Glu-334, and
His-447 are shown as white bonds, and hydrogen bonds between mAChE
residues and the isomers are shown as white dotted lines. (C) Stereo super-
imposition of the anti? and syn complexes (colored as in A and B) according
to all Ca atoms of mAChE. The side chains of residues Trp-286 and Tyr-337 and
of dipeptide Tyr-341-Gly-342, which adopt distinctive positions in the com-
plexes, are shown in magenta and green, respectively. The x values for the
Trp-286side chain are (anti y1 = —73°, y2 = 100°; syn x1 = —158°, x» = 50°). (D)
Stereo superimposition of the anti7 complex with the decidium-mAChE com-
plex (Protein Data Bank ID code 1J07; ref. 10) according to all Ca atoms of
mAChE in the two complexes. The anti? and decidium phenylphenanthri-
dinium moieties (yellow and white bonds, respectively; blue, nitrogens) adopt
distinct positions and orientations relative to Trp-286 in the PAS, whereastheir
alkyl chains diverge. The side chains of the PAS residues are highlighted in
green {blue, nitrogens; red, oxygens). The mAChE molecular surface buried at
the anti1 complex interface is displayed in transparency.

out in a 60° arc, resulting in a hydroxy! group displacement of 4.5
A and in new interactions with the Tyr-341 ring near the gorge
entry.

1452 | www.pnas.org/cgi/doi/10.1073/pnas.0308206100
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Fig. 3. Distinctive topographies of the PAS regions in the anti7 and syn?
complexes. Views of the PAS region of mAChE bound to the phenanthri-
dinium moiety present in the anti? (A) and syn? (B) isomers (colored as in Figs.
1 and 2). The mAChE molecular surfaces buried at the complex interfaces are
shown in yellow, with the Tyr-72 and Trp-286 side chains highlighted in green
and magenta, respectively. The mAChE surface areas (Connolly’s surfaces)
buried to a 1.6-A radius probe at the anti? and syn7 complex interfaces by the
phenylphenanthridinium and linker first carbon are 256 and 313 AZ (the
double-face burying of the syn7 phenanthridinium being counterbalanced by
the deeper burying of the anti7 phenyl). The gorge mouth openings {Richards’
surface) for the anti? and syn? complexes are 14 and 29 A2, respectively,

The position and orientation of the synl triazole at the gorge
constriction influence the phenylphenanthridinium position at
the PAS (Figs. 2 B and C and 3B). Compared to the antil
complex, the overall span of the linker is shortened by 1.5 A in
the more compact synl triazole, a value close to the length of a
C-C bond (Fig. 1 B and C). As a result of the reduced linking
distance, the synl phenanthridinium moiety is constrained to a
narrow region deep within the gorge where it would sterically
clash with the Trp-286 indole. This causes the Trp-286 side chain
to be dislodged from the PAS surface and to swing into the
solvent, with differences of 85° and 50° in the x; and x; values,
respectively. This distinct side chain conformation enlarges the
opening at the gorge rim 2-fold, creating a 10 X 9 A groove
delimited by the Tyr-72 and uniquely positioned Trp-286 side
chains on each side and by Glu-285 at its base, wherein the
phenanthridinium tightly intercalates (Figs. 2 B and C and 3B).
Hence, the aromatic plate of the syn/ phenanthridinium,
oriented 90° from its position in the antil complex, is wedged

Bourne et al.




neatly between the two aromatic side chains where it is stabilized
by - interactions with centroids separated by 3.6-3.8 A. This
causes the phenyl group to become solvent exposed and establish
discrete van der Waals contacts with residues Leu-76, Tyr-341,
and Gly-342 at the gorge rim.

Kinetic Analysis of syn1 and antif Isomer Binding. Comparison of the
relative rates of association and dissociation shows that the
enhanced affinity of the synl isomer for mAChE largely results
from a slower dissociation rate (Table 2). The small differences
seen in the association rates would be anticipated in view of the
rates being at or near the diffusion rate limit. Hence the
enhanced affinity of the synJ isomer is reflected in a greater
activation barrier for dissociation of the complex. Several con-
formational changes and positional rearrangements of side
chains observed within the PAS and active-site gorge correlate
with the syn] isomer being more tightly sequestered in the active
site gorge.

The syni isomer displays up to 5-fold greater affinity for E.
electricus and T. californica AChEs than for mAChE, and the
selectivity of E. electricus AChE for the synl isomer is as much
as 300-fold higher than that of any other AChE species assayed
(Table 2). Only low-resolution structures of E. electricus AChE
are available (24), but the limited sequence differences found at
the PAS and within the gorge do not reveal particular determi-
nants responsible for the higher selectivity. In contrast, D.
melanogaster AChE, with its Glu, Tyr, and Met substitutions for
mAChE residues Tyr-72, Asp-74, and Tyr-124, and mouse
butyrylcholinesterase, with its Arg and Asn substitutions for
Trp-286 and Tyr-72 (see http://bioweb.ensam.inra.fr/
ESTHER/general?what = index), show an inverted but small
selectivity for the antil isomer, consistent with a more open
gorge and fewer aromatic side chains at the PAS in these
enzymes. Moreover, removal of the indole ring at the rim of the
mAChE gorge by a Trp286Ala mutation results in higher
dissociation rates and up to 20-fold reduction in affinity for the syn/
and antil complexes. These results further emphasize the impor-
tance of the peripheral aromatic side chains in trapping the synl!
phenanthridinium and of Trp-286 in stabilizing both complexes
despite the distinctive orientations of the indole side chain.

Functional Role of the Central Triazole Moiety. The triazole moieties
of the synl- and antil-mAChE complexes are both tightly bound
within the gorge, due to rearrangements in both ligand position
and mAChE conformation (Fig. 2). Hence, the triazoles actively
contribute to the binding interactions in the respective com-
plexes instead of acting as passive linkers. The high affinities of
the complexes (Table 2) arise not only from proximity reducing
entropic contributions for a “divalent” ligand with separate
binding groups but also from interactions along the gorge wall,
The observation that the alternate synthesis product TZ6PA2
with inverted dimethylene and hexamethylene linkers is a weak
AChHE inhibitor (7) provides additional evidence for specific
position-sensitive triazole contributions to the overall binding
energy. The formative adaptability of this five-membered het-
erocycle is reflected in syn! cycloaddition occurring with the
azide and acetylene extended in a parallel orientation, effectively
shortening the intervening linker through the triazole by one
bond length, whereas they would lie antiparallel in formation of
the antil triazole product (7). The triazole’s large dipole (>5
Debye), which bisects the ring plane near atoms N3 and C5
(Scheme 1, Fig. 1 B and C), and the capacity of the N2 and N3
electron lone pairs to serve as hydrogen bond acceptors not only
enhance binding affinity but also contribute to the efficiency of
the 1,3-dipolar-coupling reaction. The conformation of the synl
complex is congruent with synl’s shorter linker, compared
to the anti] complex. This is evident from the positioning of
the phenanthridinium at the PAS, where it resides closer to
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the tetrahydroaminoacridine in the syn7 than in the antil com-
plex (Fig. 1 B and C, Fig. 2C). To achieve this disposition of
proximal reactants, a substantial conformational change occurs
at the rim of the gorge with a secondary change evident in the
vicinity of the triazole formed by the cycloaddition (Figs. 2C and
3). Hence, the reactivity of the azide and acetylene precursors in
the gorge and the resulting affinity of the triazole formed could
not have been predicted from structures of apo-AChE (10) or of
complexes with close congeners to the precursors (10, 11). To
date, inhibitors containing substituted 1,2,3-triazoles have been
observed only in plant glycolate oxidase inhibitors (25) and
B-lactam antimicrobials (26).

Functional Role of the Trp-286 Indole. Most AChE crystal structures
show the Trp-286 side chain centered in the PAS with one face
of the indole buried at the rim of the gorge and the other
occluded by either a symmetry-related AChE molecule or a
bound PAS ligand (ref. 3, and subsequent structures derived
from the same TcAChE crystal form; refs. 10, 11, 22, 23, 27, and
28). Only the apo-mAChE structure (10), solved from the crystal
form used here, shows the Trp-286 external face fully accessible
to solvent, providing it with potential mobility. Indeed, binding
of the synl isomer displaces the Trp-286 side chain from the
AChE hydrophobic core toward the solvent, with one face of the
indole now stacked with the phenanthridinium and the other
face still exposed to the solvent and in van der Waals contact with
Leu-289 (Figs. 2C and 3). One of the phenanthridinium rings is
buried in a near-parallel stacking interaction with the Tyr-124
ring at the bottom of the groove, whereas the other two rings
insert into the Trp-286-Tyr-72 parallel sandwich. The buried
phenanthridinium amino group is hydrogen bonded to Glu-285.
Whereas the phenanthridinium ring system in the bound antil
isomer is virtually planar, the syn] system adopts a slightly curved
shape conforming to the induced groove where it intercalates.

Indirect evidence suggests that the PAS region, with its
surface-exposed aromatic groups, may be responsible for the
adhesion properties of AChE (29). Recognition and adhesion
play important roles in synapse maintenance, as seen with the
structurally related neuroligins (30). They may also play a role
for the AChE-promoted nucleation of amyloid peptides in the
Alzheimer’s disease pathogenesis (31). The flip in the Trp-286
indole and the newfound o7 and cation—r interactions seen in
the syn complex raise the possibility that an open conformation
of AChE with distinctive exposure of aromatic groups is involved
in these adhesion functions. w-orbital stacking mediated by
aromatic side chains is instrumental in other molecular recog-
nition and cell adhesion processes (32). Other intercalations of
polycylic aromatic compounds between protein aromatic side
chains or nucleotide bases involve the isoatloxazine moiety of the
flavin cofactor and flavodoxin (33); ethidium derivatives and the
multidrug-resistant-binding protein QacR (34) and adjacent base
pairs (see Nucleic Acid Database, code 1JTY); the benzothiazole
moiety of thioflavin and DNA (33) and B-sheet amyloid structures
(36); and perhaps thioflavin and the PAS of AChE (37).

Role of the AChE Gorge Flexibility in Catalysis and Inhibitor Binding.
Controversy surrounds how AChE, with its catalytic triad at the
base of a narrow gorge, sustains high catalytic efficiency. Alter-
nate portals for substrate and product access have been proposed
(38); however, catalytic and inhibitor-binding parameters are
influenced only by mutations in the gorge (21) and not in the
vicinity of the putative additional portals (39). Rapid fluctua-
tions giving rise to transient enlargements of the gorge appear
critical (40). Ligand binding evidently induces a closed gorge
state, whereas the unliganded enzyme seems to fluctuate rapidly
between multiple states with varying degrees of gorge openness
(41, 42).

Previous structural analysis of PAS ligands associated with
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mAChE showed that the tips of the long Q loop Cys-69-Cys-96
and loop Val-340-Gly-342 bordering on the gorge (Fig. 14)
possessed sufficient mobility to enlarge the gorge entry, thereby
facilitating access to and from the active center (10). In fact, only
the syn]-mAChE complex exhibits an increase of up to 12 A in
the mean temperature factors for residues at the loop tips where
movement of 1.2 A of Leu-76 and an inversion of the Gly-342
carbonyl carbon occur; the weak electron densities for the
Leu-76 and Tyr-341 side chains are also consistent with sub-
stantial localized fluctuations. Hence, the flexibility of the
AChHE long Q loop differs from the hinge-like motion of a
homologous loop that, in the structurally related lipases, forms
arigid flap and opens only in the presence of the lipid substrate
(43, 44). Morcover, ligand binding to AChE may cause the gorge
to collapse around the ligand, minimizing internal dimensions
(41, 42). This notion is supported by the observed repositioning
of the Tyr-337 side chain and associated perturbation of Tyr-341,
which not only alter the gorge shape but also enlarge its width
at the position of constriction to accommodate the synl triazole
(Fig. 2C). Such large conformational changes involving these
residues were not observed for the PAS or active center com-
plexes from which the precursor reactants were designed (10,
11). These computational and experimental results point to
concerted fluctuations ail along the gorge, which may facilitate
access of incoming substrate to the active site at the gorge base
and presumably occur in short time frames relative to diffusional
translation of substrate (40).

In summary, the use of the enzyme active-site gorge as an
atomic-scale template for inhibitor synthesis (7) and of structural
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Abstract: The in situ click chemistry approach to lead discovery employs the biological target itself for
assembling inhibitors from complementary building block reagents via irreversible connection chemistry.
The present publication discusses the optimization of this target-guided strategy using acetylcholinesterase
(AChE) as a test system. The application of liquid chromatography with mass spectroscopic detection in
the selected ion mode for product identification greatly enhanced the sensitivity and refiability of this method.
It enabled the testing of multicomponent mixtures, which may dramatically increase the in situ screening
throughput. In addition to the previously reported in situ product syn-TZ2PA6, we discovered three new
inhibitors, syn-TZ2PAS5, syn-TA2PZ6, and syn-TA2PZ5, derived from tacrine and phenylphenanthridinium
azides and acetylenes, in the reactions with Electrophorus electricus and mouse AChE. All in situ-generated
compounds were extremely potent AChE inhibitors, because of the presence of multiple sites of interaction,
which include the newly formed triazole nexus as a significant pharmacophore.

Introduction

The past decade has seen a paradigm shift in drug discovery
from testing small numbers of “handcrafted” compounds and
natural products to high-throughput screening of large combi-
natorial libraries.! These developments have gone hand in hand
with dramatic improvements in methods for producing, handling,
and screening large numbers of compounds.?~> Despite these
achievements, challenges related to the synthesis, purification,
and diversity of compound libraries and the pharmacological
properties of their members still exist,%” and combinatorial
chemistry has not yet achieved its full potential.3? Since typically
more than 99% of all compounds in a library are inactive in a
given screen, methods for producing just the active compounds
are highly desirable. Target-guided synthesis (TGS) secks to
address this challenge by using the target enzyme for assembling
its own inhibitors from a collection of building block reagents.

T The Scripps Research Institute,
¥ University of California, San Diego.
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Only building blocks that adhere to the protein’s binding sites
react with each other to form highly potent inhibitors that
simultaneously access multiple binding pockets within the
protein. These target-guided approaches avoid the classical
screening of large compound libraries altogether, and hit
identification can be as simple as determining whether a given
combination of building blocks has resulted in a product.
Follow-up tests for determining the inhibitory potency, bio-
availability, toxicity, and the development of structure—activity
relationships (SAR) can then be limited to a small number of
target-generated compounds, which may dramatically improve
the efficiency of the discovery process.

The concept of target-guided synthesis was pioneered almost
20 years ago by Rideout et al., who observed a marked
synergism between the cytotoxic effects of decanal and N-
amino-guanidines, which was proposed to be due to the self-
assembly of cytotoxic hydrazones inside cells.!®!! Since then,
several approaches to target-guided synthesis have been ex-
plored: (1) dynamic combinatorial chemistry,'272! (2) stepwise
target-guided synthesis,”>?3 and (3) kinetically controlled target-
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guided synthesis.?*=3! The dynamic combinatorial chemistry
approach introduced by Lehn et al.!” relies on building blocks
bearing complementary functional groups that react reversibly
with each other to form a thermodynamically controlled mixture
of products. In the presence of the enzyme, the equilibrium is
skewed toward the compounds that show the highest affinity
toward the enzyme. Their identification requires the equilibrium
to be “frozen” (e.g., by hydride reduction or by lowering the
pH) before analysis by HPLC or MS can be performed. The
multistep variant of TGS makes only indirect use of the enzyme
for inhibitor synthesis.??23 In the first step, a library of building
blocks is screened to identify candidates that bind to the enzyme.
In the second step, the building blocks with the highest affinity
are linked together using conventional combinatorial chemistry
approaches. The library of “divalent” molecules is then screened
for high affinity inhibitors using traditional assays. The kineti-
cally controlled approach uses the enzyme target itsclf for the
synthesis of inhibitors by equilibrium controlled sampling of
various possible pairs of reactants until an irreversible reaction
induced by the enzyme essentially connects the pair that best
fits its binding pockets 243!

Recently, several successful applications of the kinetically
controlled approach to TGS have been reported. For example,
Benkovic and Boger have developed multisubstrate adduct
inhibitors (MAI) of the enzyme glycinamide ribonucleotide
transformylase (GAR Tfase) by enzyme-templated alkylation
of one of its substrates with a folate-derived electrophile.?6728
More recently, Huc described a similar approach, in which
inhibitors of carbonic anhydrase were generated by alkylation
of a thiol with a-chloroketones in the presence of the Zn(Il)
enzyme.?® Competition experiments revealed that the enzyme-
templated reaction had produced mainly the alkylation product

with the highest affinity for the target. Nicolaou and co-workers

have utilized a target-accelerated combinatorial synthesis ap-
proach to develop dimeric derivatives of vancomycin. 303!
Appropriately functionalized monomeric vancomycin derivatives
were subjected to olefin metathesis or disulfide formation in
the presence of vancomycin’s target, Ac-D-Ala-D-Ala or Acy-
L-Lys-D-Ala-D-Ala, resulting in the formation of highly potent
dimers.

The scope of most TGS methods is limited because of their
use of highly reactive reagents (strong electrophiles or nucleo-
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philes, metathesis catalysts etc.), which can react in many
“unproductive” pathways, including ounes that destroy the
enzyme target. In contrast, the recently developed in situ click
chemistry approach to kinetically controlled TGS* uses bio-
orthogonal reactions and reagents, for example, the [1,3}-dipolar
cycloaddition reaction’? between azides and acetylenes. This
system is especially well-suited for TGS, since (a) the reaction
is extremely slow at room temperature, despite the very high
driving force that makes it irreversible, (b) it does not involve
components that might disturb the binding sites (external
reagents, catalysts, byproducts), and (c) the reactants are inert
to biological molecules. Mock et al. had previously provided
proof-of-concept by demonstrating that the azide/acetylene [1,3]-
dipolar cycloaddition is accelerated by 4 to 5 orders of
magnitude by the synthetic receptor cucurbituril to give
exclusively the anti-triazole regioisomer, =33

The biological target for the initial in situ click chemistry
study, acetylcholinesterase (AChE), catalyzes the hydrolysis of
the neurotransmitter acetylcholine and thus plays a key role in
the central and peripheral nervous system. Its inhibitors have
been employed for over a century in various therapeutic
regimens and to investigate the role of acetylcholine in
neurotransmission.>”*® The catalytic site of the enzyme is located
at the bottom of a 20 A deep narrow gorge. A second, peripheral
binding site is positioned at the other end of this gorge, near
the protein surface.3** A building block library of azides and
acetylenes based on the known site-specific inhibitors tacrine
(active site ligand) and phenylphenanthridinium (peripheral site
ligand) was developed to probe whether the enzyme would
combine selected pairs of complementary reagents to synthesize
its “divalent” inhibitors (cf. Scheme 1).24

A series of 49 binary mixtures of these reagents was incubated
with Electrophorus electricus AChE (electric ecl AChE) at room
temperature for 6 days, potentially giving rise to 98 products.
Analysis of the crude reaction mixtures by desorption/ionization
on silicon mass spectrometry*! (DIOS-MS) revealed only one
product, TZ2PA6, which was shown by HPLC to be only the
1,5-disubstituted triazole (“syn-triazole”) (Scheme 1). This
compound, formed by the enzyme, turned out to be the most
potent noncovalent AChE inhibitor known to date, with Ky
values between 77 fM (Torpedo californica) and 410 fM
(murine AChE). In contrast, the anti-TZ2PA6 isomer, not
formed by the enzyme, is less active by 2 orders of magnitude.

Recent X-ray structures of both the syn- and anti-TZ2PA6
mouse AChE complexes confirmed the multivalent nature of
the protein ligand interactions, with the tacrine moiety accessing
the active center of the enzyme and the phenylphenanthridinium
group the peripheral site (Figure 1).2° Interestingly, these studies
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54, 5302—5308.

(35) Mock, W. L. Top. Curr. Chem. 1995, 175, 1—24.

(36) Taylor, P.; Radic, Z. Annu. Rev. Pharmacol. Toxicol. 1994, 34, 281—320.

(37) Argyl-Robertson, D. Edinburgh Med. J. 1863, 8§, 815—820.

(38) Dale, H. H. J. Pharmacol. Exp. Ther. 1914, 6, 147—190.

(39) Sussman, 1. L.; Harcl, M.; Frolow, F.; Ocfner, C.; Goldman, A.; Toker,
L.; Silman, L. Science 1991, 253, 872—879.

(40) Harel, M.; Schalk, L; Ehrct-Sabaticr, L.; Bouct, F.; Goeldner, M.; Hirth,
C.; Axclsen, P, H; Silman, L; Sussman, J. L. Proc. Natl. Acad. Sci. US.A.
1993, 90, 90319035,

(41) Wei, J.; Buriak, J. M.; Siuzdak, G. Natire 1999, 399, 243—-246.




Enzyme Inhibitors Made to Their Own Specifications

ARTICLES

Scheme 1. In Situ Click Chemistry Screening?
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experiments, only syn-TZ2PA6 was detected.
<= Double arrows indicate in situ reagent pairs

the sole product of the in situ reaction with the enzyme.?*

revealed that the triazole unit, created by the azide/alkyne
cycloaddition, engages in hydrogen bonding and stacking
interactions with amino acid residues in the wall of the gorge.
Several important conclusions can be drawn from this observa-
tion. First, triazoles are not just passive linkers, but rather active
pharmacophores that may contribute significantly to protein
binding, as in the case of the in situ-generated product, syn-
TZ2PA6. Second, the tremendous rate acceleration by AChE*
is due not only to entropic effects, but also to an enthalpic
stabilization of the triazole-like transition state, leading to the
observed product. In a more general sense, it appears likely that
an “in situ hit” is a good binder, because the same entropic and
enthalpic factors that cause the observed rate acceleration may
also stabilize the newly formed triazole in the complex and thus
add to the overall binding interactions, which also involve the
two residues that are held together by the triazole linker.

The higher potency of syn-TZ2PA6 compared to the anti-
isomer manifests itself in a strikingly different binding mode
at the peripheral site. The phenylphenanthridinium moiety of
the tightly bound syn-product inserts itself between tryptophan-
286 and tyrosine-72 residues near the gorge rim (Figure 1),

(42) The enzyme-free reaction under these conditions ([TZ2] = 4.6 M.; [PA6]
= 24 uM) is extremely slow, taking several thousand years to reach 50%
conversion at 18 °C (second-order rate constant at 18 °C in 1-BuOH, K =
1.9 x 1075 M~} min™} 24). Apart from the expected entropic stabilization,
the transition state may also experience stabilization through hydrogen
bonding and stacking interactions with the protein.?*

H H AChE

* Previous work only employed 16 reagents, which were tested in
49 combinations, potentially giving rise to 98 products. In these

%'ZN \ \ NH,
o) IS

== N-N
Ne N N \)1
INH NH
» oee
N N
syn-TZ2PA6 syn-TA2PZ6

N A
' e l e
N N
syn-TZ2PA5 syn-TA2PZ5

4 Fifty-two binary mixtures of azide and alkyne building blocks were incubated with eel AChE, as indicated by the double arrows, potentially giving rise
to 104 products. Previous work was done without PZ5, potentially giving rise to 98 products from 49 reagent combinations, and providing syn-TZ2PA6 as

causing the enzyme to adopt a minor abundance conformation
in which the tryptophan residue swings out into the solvent to
make room for the ligand. This conformation has never been
seen before in AChE X-ray structures of the free enzyme or its
inhibitor complexes. Thus, the in situ click chemistry approach
allows one to identify conformations that associate with high
affinity inhibitors and that would not be detected by conventional
structural methods. These findings have interesting implications
for drug discovery, as it is possible to trap a flexible enzyme in
a minor abundance conformation by an inhibitor, which is
formed inside its binding pockets through the irreversible
reaction of complementary building blocks.

The goal of this study was to optimize the in situ approach
to drug discovery and to investigate its scope. We started by
optimizing the mass spectroscopy-based analysis method, since
a highly sensitive and reliable method was deemed crucial for
success. We then revisited the AChE system to search for
additional in situ hits from binary azide/acetylene mixtures and
from multireagent mixtures (combinatorial screening), to study
the species dependence of product formation, and to determine
syn/anti ratios and binding affinities for all products.

Results and Discussion

Optimization of the Analysis Method. Poor and variable
levels of purity of the acetylcholinesterase enzyme make great
demands on the analytical techniques used to detect the

J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004 12811
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Active
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Figure 1. Schematic representation of the binding interactions between
syn-TZ2PA6 and mouse AChE.?

formation of templated inhibitors, especially when they are
tightly bound. In previous experiments, the DIOS-MS method
was found to be capable of detecting small quantities of new
molecules in the presence of large amounts of protein, but signal-
to-noise ratios were still very low. This issue has now been
resolved by purifying the samples before MS analysis using
standard LC/MS techniques with selected ion monitoring to
increase sensitivity even further. The analysis is extremely easy
to perform, allowing crude reaction mixtures fo be screened
and products to be unambiguously identified by their molecular
weights and retention times.

The new analytical method was validated on the known in
situ hit TZ2PAG6. After incubating the building blocks TZ2 and
PAG6 with eel AChE for 6 h, analysis by LC/MS—SIM gave a
distinct product signal with a characteristic molecular weight
and retention time (Figure 2). Thus, the high sensitivity of this
analysis method allowed us to reduce the incubation time from
6 days to as little as 6 b, thereby significantly enhancing the
efficiency of lead discovery by in situ click chemistry.** Control
experiments, in which mixtures of the same building blocks were
incubated in the presence of bovine serum albumin (BSA)
instead of AChE, or in the absence of any protein, failed to
give detectable amounts of triazole.

In Situ Lead Discovery. Encouraged by these results, we
decided to revisit the AChE system using a library of tacrine
and phenylphenanthridinium building blocks (“T-P library™),
which contained one additional member, PZ5, compared to
previous work, and to screen for additional in situ hits with the

{43) The in situ screening experiments were generally performed with the
following concentrations: 1 #M for the enzyme, 4.6 uM for tacrine
components, and 24 M for phenylphenanthridinium components. Because
of the sensitive naturc of the analysis mcthod, the building block
concentrations can be reduced to as low as 1 yM for tacrine reagents and
6 uM for phenylphenanthridinium reagents, without a significant loss of
intensity of the product peak. However, lowering the phenylphenanthri-
dinium component concentration to 1 #M dramatically decreased the
reaction rate and makes the intensity of the product signal prohibitively
small.
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Figure 2. In situ hit identification by LC/MS—SIM, exemplified by the
TZ2/PAG6 pair. (A) TZ2 (4.6 uM) and PA6 (24 uM) after incubation with
eel AChE (1.04 uM) at pH 7.5 for 6 h. (B) TZ2 and PA6 incubated in the
presence of BSA (3 mg/mL) instead of AChE. The same trace is obtained
in the absence of any protein (note that the Y-scale of the BSA trace is
expanded 8.5 times compared to the eel AChE trace to clearly demonstrate
the absence of any product in this sample. (C) Authentic sample of TZ2PAS6.

more sensitive LC/MS—SIM method. In the “in situ screening
mode”, potential hits are identified by looking for significant
differences between the chromatograms of the enzyme reactions
and the control reactions (BSA in place of AChE, absence of
any protein). The potential hits are then validated by additional
control experiments (e.g., performing the enzyme reaction in
the presence of a known active site inhibitor) and eventually
by comparing retention times with synthetic samples (cf. Table
3). This screening procedure led to the identification of three
new hit compounds—TZ2PAS, TA2PZ6, and TA2PZ5—in
addition to the known hit, TZ2PA6, by incubating 52 binary
tacrine- and phenanthridinium-based azide/acetylene mixtures
as illustrated in Scheme 1 (i.e., PZ5—~8/TA1—3, PA2—6/TZ2—
6, and TA1--3/TZ2—6) with eel AChE for 1 day. All hits were
validated as described and by MALDI mass spectroscopy, which
revealed distinct molecular ions for the respective products in
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all four in situ reaction mixtures. Thus, only TZ/PA and TA/
PZ combinations, not TZ/TA combinations, provided in situ
hits.

Interestingly, all four hit compounds have the newly formed
triazole moieties separated by two methylene units from the
tacrine core. Other compounds with the same overall spacing
between tacrine and phenanthridinium moieties, but a different
location of the triazole (e.g., TZ6PA2), are not formed,
suggesting that the triazole-genesis event is critically linked to
a specific location in the protein’s gorge. This notion is
supported by the X-ray crystal structures of TZ2PA6/mouse
AChE complexes,?> which reveal that the triazole units are
tightly bound inside the gorge through hydrogen bonding and
stacking interactions (Figure 1). It is reasonable to assume that
these product-stabilizing interactions in that location also favor
the transition state leading to the product. Such active participa-
tion by the protein, in addition to entropic factors, would explain
the dramatic rate acceleration observed in this system, over that
for the uncatalyzed cycloaddition reaction,®?

Species Dependence. We decided to investigate the species
dependence of product formation, since the X-ray studies were
performed with mouse AChE, while eel enzyme was used for
the in situ screen (58% sequence identity and 70% residue
homology by NCBI Blast2).#45 Incubation of binary azide/
acetylene mixtures from the T-P building block library with
mouse AChE and analysis by LC/MS—SIM provided the same
four hit compounds—TZ2PA6, TZ2PAS, TA2PZ6, and
TA2PZ5—as before. Thus, not only is mouse AChE able to
make its inhibitors, it does so with the same building block
preferences as the eel enzyme.

Combinatorial in Situ Screening. In situ click chemistry
promises a big boost for lead discovery above all because it
eliminates the need for high-throughput screening of large
compound libraries, since the biological target itself has been
forced to generate its inhibitors, which can readily be identified.
Moreover, while previous experiments had used only binary
azide/acetylene mixtures,”* we have now found that the enzyme
is able to select and assemble the best inhibitors from more
complex mixtures of azide and acetylene building blocks. This
not only reduces the amount of enzyme per reagent combination,
but also increases the screening throughput. Multicomponent
in situ click chemistry screening was made possible by the new
LC/MS—SIM method, because of its higher sensitivity and
greater reliability of product identification through chromato-
graphic separation of the reaction components. In a proof-of-
concept experiment, the azide TZ2 and a mixture of four
phenylphenanthridinium building blocks, PA2-PAS, were in-
cubated with eel AChE under standard conditions at 37 °C
overnight. LC/MS—SIM analysis of the reaction mixture showed
the expected compound TZ2PAS5S to be the sole product.
Encouraged by this success, we expanded this multicomponent
approach to the entire tacrine azide/phenylphenanthridinium
acetylene library. To avoid combinations with degenerate
molecular weights (e.g., TZ3PAS has the same molecular weight
as TZ2PAG6), which would complicate product identification,

(44) The computation was performed at the Swiss Institute of Bioinformatics
(SIB) using the BLAST nctwork service. The SIB BLAST network service
uses a scrver developed at SIB and the National Center for Biotechnology
Information (NCBI) BLAST 2 software.

(45) Altschul, S. F.; Madden, T. L.; Schiffer, A, A.; Zhang, J.; Zhang, Z.; Miller,
W.; Lipman, D. J. Nucleic Acids Res. 1997, 25, 3389—3402.

Scheme 2. Synthesis of Triazoles as Reference Compounds for
the Determination of the syn/anti Ratio of in Situ Hits by HPLC?

CuS0,, Cu-powder N=N
—_———— N
EtOH/H,0 n,&“‘nz
R—=—H + NyR, — ant
Ry
neat, 80 °C N=N N-N
R1&N‘R2 * H1/§/N
anti syn

@ Equimolar syn- and anti-triazole mixtures were prepared by heating
neat mixtures of the corresponding azides and alkynes at 80 °C for 6 days.
The pure anti-regioisomers were readily prepared by the copper(1)-catalyzed
reaction between the azide and alkyne reagents.#6:47

especially in view of the similar chromatographic behavior of
the TZ-PA compounds, we decided to conduct the experiment
in five batches: Mixtures of all five phenanthridinium acety-
lenes, PA2—PAG®6, were incubated with one tacrine azide at a
time in the presence of mouse or eel AChE. Analysis by LC/
MS~—SIM revealed the expected hits, TZ2PAS and TZ2PA6
(cf. Supporting Information). These experiments demonstrate
that multicomponent screening is feasible, albeit at the cost of
a slightly reduced sensitivity.

Determination of the syn/anti Selectivity. The X-ray
cocrystal structures revealed that the more weakly bound ani-
TZ2PAG6 has little effect on the enzyme conformation, whereas
the higher affinity syn-TZ2PA6 isomer, with its shorter spacer
length between the tacrine and phenanthridinium moieties (the
distance between the aromatic ring atoms of the tacrine and
phenanthridinium moieties that are connected to the linker is
1.52 A shorter in the syn-isomer, which is equivalent to about
one C—C bond), forces the enzyme into a very different, and
unprecedented conformation. This prompted the question of
whether AChE would compensate for the deletion of one
methylene unit in TZ2PAS by forming the “longer” anti-triazole
instead of the “shorter” syn-isomer. Hence, we set out to study
the syn/anti selectivity for the formation of TZ2PAS and the
other new in situ hits by LC/MS~SIM. These efforts greatly
benefited from the recently discovered Cu(l)-catalyzed process,
which provides pure anti-triazoles from azides and terminal
alkynes. %47 Thus, TZ2PAS, TA2PZ6, and TA2PZ5 were
synthesized each as a mixture of syn- and anti-triazoles by the
thermal cycloaddition reaction and as isomerically pure anti-
triazoles by Cu(l) catalysis (Scheme 2).

Regioisomer assignment for the triazoles generated by AChE
was accomplished by comparing the HPLC traces from the in
situ reactions with authentic samples from the thermal and Cu-
()-catalyzed reactions (cf. Table 3).447 The new LC/MS~SIM
system atllowed us to obtain reliable results with single injections
using only one-third of the amount of enzyme, compared to
the previously used and much less sensitive HPLC—UYV method.
We were able to confirm the original assignment of the syn-
geometry for enzyme-generated TZ2PA6,%* and we found all
the other products, TZ2PAS5, TA2PZ6, and TA2PZS, from both
the eel and mouse AChE reactions to also contain almost
exclusively syn-triazoles. Figure 3 exemplifies the results for
the TA2/PZ6 pair. While this is not surprising in the case of
TA2PZ6 in view of its similarity to TZ2PA6, we had expected

(46) Rostovtsev, V. V,; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew.
Chem., Int. Ed. 2002, 41, 2596—2599.

(47) Tornge. C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67, 3057—
3064.
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Figure 3. Regioisomer determination for mouse AChE-derived in situ hits.
The in situ product, TA2PZ6, was compared by LC/MS—SIM to authentic
samples from the thermal and the Cu(l)-catalyzed reactions.*® (A) anti-

TA2PZ6 prepared by the Cu(l)-catalyzed reaction. (B) Co-injection of anti-

- TA2PZ6 prepared by the Cu(I) catalysis and a mixture of syn- and anti-

TA2PZ6 prepared by the thermal reaction. (C) Mixture of syn- and anti-
TA2PZ6 prepared by the thermal reaction. (D) Co-injection of TA2PZ6
prepared by the in situ click reaction and a mixture of syn- and anti-TA2PZ6
prepared by the thermal reaction. (E) In situ click chemistry reaction. (F)
Co-injection of the in situ click chemistry reaction and anti-TA2PZ6,
prepared by the Cu(l)-catalyzed reaction.

the shorter linker in TZ2PAS and TA2PZS to cause a switch
into the “anti-mode”, which would have extended the linker by
approximately 1.5 A. These results suggest that the stercoelec-
tronic requirements for effective catalysis of the cycloaddition
inside the enzyme gorge are very strict. We are in the process
of investigating this further by X-ray crystallography.
Binding Measurements. The equilibrium dissociation con-
stants for the svn- and anti- TA2PZ6, TA2PZ5, TZ2PAS5, and
TZ2PA6% isomers, calculated as the ratios of their first-order
dissociation and second-order association rate constants, are
listed in Table 1, along with the corresponding free energy of
binding values. All eight compounds were respectable inhibitors
of both mouse and eel AChE, with dissociation constants in
the femtomolar and picomolar range. Even though the femto-
molar potency of the original in situ-generated inhibitor, syn-
TZ2PA6, remains unsurpassed for both enzymes, the new in
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situ hits, syn-TZ2PAS, syn-TA2PZ6, and syn-TA2PZS5 are
close. K4 values span 3 orders of magnitude, which is mainly
due to an 1800-fold variability of dissociation rate constants
kosr in the case of the eel enzyme, and 90-fold variability in the
case of mouse AChE. In contrast, the on-rates &, vary only by
a factor of 3.

The range in dissociation constants is largest for the eel
enzyme, where the free binding energy changes by 4.3
keal/mol (295 K) from the tightest binder, syn-TZ2PA6 (99
fM), to the weakest compound, anfi-TA2PZS5 (140 000 fM).
In the case of the mouse enzyme, the free energy difference
between the best binder, syn-TZ2PA6 (410 fM), and the weakest
inhibitor, anti-TA2PZS (44 000 tM), is only 2.7 kcal/mol. We
were able to derive a linear free energy relationship from the
binding data, which allows us to calculate binding energy
changes upon modifying the ligand structure, for example, from
syn-TZ2PAG to anti-TA2PZS. The mean values for the energy
increments for each structural modification are summarized in
Table 2. Further details are provided in the Supporting Informa-
tion.

The energy differences derived from the linear free energy
relationship closely match the experimental values. For example,
syn-TZ2PA6 was calculated to be 4.3 kcal/mol more tightly
bound than anti-TA2PZS in the eel AChE case (3.1 kcal/mol
for syn-to-anti isomerization, plus 0.15 kcal/mol for linker
shortening, plus 1.0 kcal/mol for inversion of triazole orienta-
tion), whereas the difference is only 3.0 kcal/mol in the mouse
enzyme case (1.9 kcal/mol for syn-to-anti isomerization, plus
0.7 kcal/mol for linker shortening, plus 0.4 kcal/mol for
inversion of triazole orientation). The fact that a linear free
energy relationship can be successfully applied suggests that
the inhibitors are stabilized by largely independent multipoint
interactions with the protein, and the data indicate that not only
the tacrine and phenanthridinium moieties but also the triazole
ring are involved in binding. Consequently, the triazole appar-
ently functions as an independent pharmacophore.

Many of the structure—activity trends revealed in Table 1
are species-dependent. In general, eel AChE rate constants are
more dependent on the triazole substitution pattern, while mouse
ACHhE is more sensitive to changes in linker length. For example,
the syn/anti preference is much greater for eel AChE (average
preference: 3.1 kcal/mol £ 0.3 kcal/mol, 200-fold) than for
mouse AChE (average preference: 1.9 kcal/mol £ 0.4
keal/mol, 26-fold). Also, the inversion of triazole ring orientation
(TZ2PA6 — TA2PZ6, TZ2PAS — TA2PZS5) leads to a marked
increase of the dissociation rate in the case of the eel enzyme
(1.0 £ 0.2 keal/mol, 5.5-fold), while the effects for the mouse
enzyme were less pronounced (0.4 &£ 0.4 kcal/mol, 2-fold). For
the syn-triazole inhibitors, which are the products of the in situ
click reactions, the shortening of the linker between the triazole
and phenanthridinium moieties from six (syn-TZ2PA6, syn-
TA2PZ6) to five methylene groups (syn-TZ2PAS, syn-
TA2PZ5) has only a very small effect on the dissociation
constants Ky for the eel enzyme (—0.12 kcal/mol, 0.8-fold),
while it leads to a 5-fold increase in the case of mouse AChE
(0.97 kcal/mol). In contrast, for the anti-triazoles, the shortening
of the linker reduces the binding affinity for both the mouse
and eel enzymes.

The observed species-specific differences of rate and binding
trends indicate that the two enzymes interact differently with
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Table 1. interaction Constants and Free Energies of Binding (—RT In Ky at T = 295 K) of Triazole Inhibitors with Acetylcholinesterases

ke ke Ky -RTih K,
inhibitor (10" M~ min~") {min~) (M) (keal mol~1) AChE source

TA2PZS svyn 1.5 0.0081 540 16.6 Electrophorus
1.5 0.045 3000 15.6 mouse

anti 0.98 1.4 140 000 33 Electrophorus
1.1 0.50 44 000 14.0 mouse

TZ2PAS syn 0.76 0.00077 100 17.5 Electrophorus
1.2 0.028 2300 15.7 mouse

anti 0.90 0.38 42 000 14.0 Electrophorus
13 043 33 000 14.1 mouse

TA2PZ6 Syn 1.2 0.010 830 16.3 Electrophorus
14 0.0086 610 16.5 mouse

anti 1.4 1.4 100 000 13.5 Electrophorus
1.7 0.71 42 000 14.0 mouse

TZ2PAS Spi 1.5 0.0015 99 17.6 Electrophorits
1.7 0.0071 410 16.7 mouse

anti 1.8 0.25 14 000 14.7 Electrophorus
2.5 0.22 8900 14.9 mouse

Table 2. Energy Increments for Structural Changes
mean A (~RTIn K}

AChE source

structuraf change (kcal mo!~")
syn — anti 3.1+03 Electrophorus
1.9+ 04 mouse
P6—P5 0.151+0.38 Electrophorus
0.69 + 0.45 mouse
TZ—TA 1.0+ 0.2 Electrophorus
0.37 £ 0.36 mouse
ZA(—RT In Kg)®
2 (syn— anti + P6— 4.3 (4.3} Electrophorus
P5+TZ—TA) 3.0(2.7} mouse

2 Energy difference values calculated from increments are shown in bold
typeface; experimental values are in parentheses.
Y]

Table 3. Analytical HPLC Conditions for Selected Compounds

elution solvent mixture

retention time

compound A (%) B (%) C(%) D(%) {min)
TZ2PA6®  sym 56 44 284
anti 56 44 34.6

TZ2PAS"  sym 56 44 19.2
anti 56 44 252

TA2ZPZ6* syn 54 46 208
anti 54 46 29.9

TA2PZ5  syn 56 44 20.6
anti 56 44 247

TZ2PAGM gradient  gradient 7.8
TZ2PASH gradient  gradient 7.6
TA2PZ6M gradient  gradient 7.7
TA2PZ5 gradient  gradient 7.6
TA2° gradient  gradient 7.2
TZ2 gradient  gradient 7.3
PASe gradient  gradient 8.6
PAG° gradient  gradient 8.4
PZ5¢ gradient  gradient 8.5
PZ6° gradient  gradient 8.7

¢ Analytical HPLC column Cyclobond 1 2000 DMP (10 x 4.6 mm)
preceded by a Phenomenex C18 ODS guard column. Isocratic elution at
0.5 mLemin~!. ¢ Mixture of syn- and anti-triazoles. < Analytical column
Zorbax SB—C8 (2.1 x 30 mm) preceded by a Phenomenex C18 ODS guard
column. Flow rate 0.3 mL-min~!. At 0 min, elution solvent mixture A/B =
100/0, at 10 min, elution solvent mixture A/B == 0/100, at 18 min, elution
solvent mixture A/B = 0/100.

the products of the in situ reactions and their anti-congeners.
While this may not be seen as surprising in view of the relatively
low sequence identity (58%) between the two enzymes, detailed
analysis of the primary structures reveals a fully conserved
interior of the active center gorge starting from Trp286 of the

peripheral site and ending with Trp86 at the bottom of the gorge.
Thus, more global properties of the gorge, such as its overall
shape or flexibility, not directly and exclusively determined by
conserved interior residues, may be responsible for the observed
trends.

Experimental Section

General. Reactions requiring anhydrous conditions were run under
nitrogen in glassware flame dried under vacuum. Reagents were
purchased from Acros or Aldrich and were used as received. Reaction
progress was monitored by TLC using Merck silica gel 60 F-254 with
detection by UV. Silica gel 60 (Merck 4063 zm) was used for column
chromatography. The preparation of the library of tacrine and phen-
ylphenanthridinium building blocks was published in a previous
article.?

Instrumentation. "H NMR and '*C NMR spectra were recorded
with Bruker DRX-600, Bruker DRX-500, or Varian Inova-400 spec-
trometers. Proton magnetic resonance ('H NMR) spectra were recorded
at 600, 500, or 400 MHz. Data are presented as follows: chemical
shift (ppm), multiplicity (s = singlet, d = doublet, ¢ = triplet, ¢ =
quartet, guin = quintet, m = muitiplet), coupling constant (Hz), and
integration. Carbon magnetic resonance ('*C NMR) spectra were
recorded at 150, 125, or 100 MHz. Data for *C NMR are reported in
terms of chemical shifts (ppm). Infrared spectra were recorded on an
Avatar 370 Fourier transform spectrometer (IR) and are reported as
follows: wavenumbers (cm™!), description (w = weak, m = medium,
s = strong, b = broad). High-resolution mass spectra (HRMS) were
recorded at the mass spectrometry facility at The Scripps Research
Institute, La Jolla, CA. HPLC was performed on an Agilent 1100 LC/
MSD with an Agilent 1100 SL mass spectrometer, using four different
elution solvents: elution solvent A (0.05% TFA in H,0), elution solvent
B (0.05% TFA in CHsCN), elution solvent C (1% Me;N/formic acid
in H,O, pH = 7.5), and elution solvent D (MeOH).

General Procedures for in Situ Click Chemistry Experiments.
Determination of Acetylcholinesterase Concentrations. The con-
centrations of the eel and mouse enzymes were calculated in terms of
molarity of active sites based on quantitative measurements of enzyme
activity. Commercially available preparations of Electrophorus AChE
were found to contain approximately 10% active enzyme. The
concentration was determined by quantitative measurement of AChE
activity using the Ellman assay as previously described.* Concentrations
of highly purified preparations of mouse AChE, prepared from
expression in HEK cells using a recombinant cDNA,*>* containing

(48) All samples were analyzed by LC/MS—SIM with clectrospray detection
on a Cyclobond 1 2000 DMP column (4.6 x 100 mm, preceded by a
Phenomenex C18 ODS guard colummn) using isocratic elution conditions.
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practically homogeneous enzyme, were determined by quantitative
measurement of AChE activity using the Eliman assay and comparing
that activity to previously determined values® of k. in quantitative
agreement with band intensitics in gels of polyacrylamide gel electro-
phoresis.

1n Situ Click Chemistry Screening Procedure for Binary Reagent
Mixures. The tacrine component (i.e., TZ2 through TZ6 or TAl
through TA3 dissolved in MeOH) was added to ~1 uM solutions of
Electrophorus AChE (type V-8, Sigma) or mouse ACRE*? in buffer
(2 mM ammonium citrate, 100 mM NaCl, pH = 7.3-7.5) followed
immediately by one of the phenylphenanthridinium components (i.e.,
PA2 through PA6 and PZ5 through PZ8. respectively) and mixed.
The final concentrations were as follows: eel or mouse AChE: 1 uM;
tacrine component: 4.6 ¢M: phenylphenanthridinium component:
24 uM; MeOH: 1.5%. Under these conditions, approximately 99.5%
of the active sites are in complex with the tacrine component
(K4(tacrine) = 18 nM for mAChE?*), and 95% of the peripheral binding
sites are in complex with the phenanthridinium reagent (Ky(propidium)
= 1100 nM?*). Each reaction mixture was incubated at 37 °C for at
least 6 h. Samples of the reactions were injected directly (15 yL) into
the LC/MSD instrument to perform LC/MS—SIM analysis (Zorbax SB-
C8 reverse-phase column, preceded by a Phenomenex C18 guard
column, electrospray ionization and mass spectroscopic detection in
the positive selected-ion mede, tuned to the expected molecular mass
of the product). The cycloaddition products were identified by their
retention times and molecular weights. Control experiments in the
absence of enzyme or in the presence of BSA instead of enzyme failed
to produce product signals. For the BSA experiments, AChE was
substituted for bovine serum albumin (3 mg/mL). Methanol (1:1
dilution) was added to the reaction mixture prior to LC/MS—SIM
analysis to prevent precipitation of the expected TZ-PA triazole product.

In Situ Click Chemistry Sereening Procedure for Multicompo-
nent Incubations. A methanolic solution (11.0 #L) of phenylphenan-
thridinium building blocks PA2-—-PA6 (stock solution contains 400 uM
of each building block) was added to a solution of mouse AChE
(1.1 mL of 1 uM AChE, 2 mM ammonium citrate, 100 mM NaCl, pH
= 7.3-7.5). This mixture was then distributed into five different
Eppendorf vials (198 uL per vial), and each sample was mixed with
one of the tacrine building blocks (TZ2—TZ6; 2.0 uL of a 1.92 mM
methanolic stock solution). The final concentrations were as follows:
mouse AChE: 1 uM; tacrine component: 19.2 uM; phenylphenan-
thridinium component: 4.0 uM; MeOH: 2%. Each reaction mixture
was incubated at 37 °C for at least 24 h. Samples of the reactions were
injected directly (15 #L) into the LC/MSD instrument to perform LC/
MS—SIM analysis. The cycloaddition products were identified by their
retention times and molecular weights.

LC—MS Analysis. Although the analysis by DIOS-MS, as described
previously,?* required only submicroliter amounts for a single measure-
ment, the results suffered from poor signal/noise ratios. In contrast,
the LC/MS method with selected ion monitoring is considerably more
sensitive, with detection limits in the nanomolar range. The cluent
contains 0.05% TFA, which results in fast denaturation of the enzyme
and release of product on the column (we have obtained a linear
correlation between the concentration of syn-TZ2PA$ and its LC/MS—~
SIM signal in the presence of an excess of mAChE, cf. Supporting
Information. section 2). This allows the compound, e.g., TZ2PAS, to
be readily detected in the presence of the enzyme at concentrations as
low as 4 nM, which corresponds to 0.4% of the used enzyme active
site concentration. The analyses were performed on an Agilent 1100
LC/MSD instrument by reverse-phase HPLC using a 30 x 2.1 mm
Zorbax SB-C8 column, preceded by a Phenomenex C18 ODS guard

(49) Radic, Z.; Pickering, N. A.; Vellom, D. C.; Camp, S.; Taylor, P.
Biocheniistry 1993, 32, 12074—12084.

(50) Marchot, P.; Ravelli, R. B. G.; Raves, M. L.; Bourne, Y.; Vellom, D. C,;
Kanter, J.; Camp, S.; Sussman, J. L.; Taylor, P. Protein Sci. 1996, 5, 672—
679.
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column. The injection volume was 15—30 uL, and the components
were eluted using a gradient (flow rate at 0.3 mL-min™!; at 0 min elution
solvent mixture A/B = 100/0; at 10 min elution solvent mixture A/B
= 0/100; at 18 min elution solvent mixture A/B = 0/100). The mass
spectrometer was set to the positive ion mode with selected ion
monitoring of only the expected m/z. Under these conditions, in situ
click chemistry products derived from binary building block mixtures
are readily detectable after 6 h of incubation in the presence of enzyme.

Regioisomer Determination. The sensitive LC/MS—SIM method
was employed for determining the regioisomer distribution of the in
situ click chemistry products TZ2PA6, TZ2PAS5, TA2PZS, and
TA2PZ6. The assignment was accomplished by comparing the retention
times of the in situ products with authentic samples, prepared by thermal
cycloaddition (yielding an approximately 1:1 mixture of regioisomers)
and copper-catalyzed azide/acetylene reaction (yielding pure anti-
regioisomers). The in situ reaction mixtures were injected directly (15—
80 ul.) into the LC/MS as well as co-injected with the reference
compounds. Comparison of all traces revealed that the syn-isomers were

formed preferentially in situ. The chromatography was performed on

a 100 x 4.6 mm Cyclobond I 2000 DMP column, preceded by a
Phenomenex C18 ODS guard column. The MS detector settings used
were the same as those for the screening of reactions.

Synthesis of Building Blocks and Reference Compounds.

CAUTION! All of the compounds described here (and especially
the most potent polyvalent inhibitors) are potentially neurotoxic. They
must be handled with extreme care by trained personnel.

Tacrine Building Block TA2. A mixture of 9-chloro-1,2,3,4-
tetrahydroacridine (1.0 g, 4.61 mmol), but-3-ynylammonium chloride
(0.54 g. 5.05 mmol), and triethylamine (0.93 g, 9.2 mmol) in pentanol
(3 mL) was beated at reflux for 16 h. The reaction mixture was diluted
with CH>Cl,;, washed with saturated NaHCO; solution, dried over
MgSOy, and concentrated. The residue was purified by chromatography
(EtOAc/MeOH = 9/1) to give pure alkyne TA2 (1.06 g, 4.23 mmol,
92%). "TH NMR (400 MHz, CD;0D): ¢ 8.44 (d, J = 8.6 Hz, 1H), 8.04
(d,J=18.1Hz, 1H),7.95 (t, /= 6.4 Hz, 1H), 7.84 (t,J = 7.5 Hz, 1H),
7.56 (¢, J = 7.5 Hz, 1H), 3.92 (m, 2H), 3.04 (m, 2H), 2.76—2.60 (m,
4H), 2.51 (1, J = 2.1 Hz, 1H), 1.81 (m, 4H) ppm; *C NMR (400 MHz,
CD;0OD): 6 156.8, 152.0, 138.6, 133.4, 126.1, 125.8, 120.0, 116.7,
112.5, 82.1, 74.1, 46.8, 28.8, 25.06, 22.3, 21.1, 20.6 ppm; UV—vis
(H,O/CH;CN/TFA = 40/60/0.05): A (relative intensities) 248
(100%), 346 (43%) nm; IR: v 3340 (br), 3220 (s), 2940 (m), 2860
(m), 1620 (s), 1580 (w), 1560 (w), 1500 (m), 1470 (m), 1400 (w),
1350 (w), 1260 (m), 1120 (w), 1080 (w), 1030 (m), 950 (w), 830 (m)
cm™!; HRMS (ESI-TOF) caled for C7HoN, (MH™), 251.1543; found,
251.1547.

Phenylphenanthridinium Building Blocks. Building blocks PAS,
PZ6, and PZ5 were prepared according to previously reported
methods.?

PAS: 'H NMR (500 MHz, CD;0D): 6 8.64 (d, J = 9.1 Hz, {H),
8.54 (d. J = 9.2 Hz, 1H), 7.88—7.76 (m, 3H), 7.64—7.52 (m, 3H),
7.40—7.34 (m, 2H), 6.46 (d, J = 2.2 Hz, 1H), 4.52 (1, J = 7.9 Hz, 2H),
2.22 (t,J = 2.5 Hz, 1H), 2.16—2.12 (m, 4H), 1.44—1.32 (m, 4H) ppm;
BC NMR (500 MHz, CD;0D): d 160.2, 153.1, 149.7, 136.5, 133.7,
132.3, 130.8, 130.1, 129.9, 129.6, 126.8, 126.0, 123.9, 121.5, 119.7,
1104, 99.8, 84.5, 70.1, 54.9,29.4, 28.7, 26.5, 18.2 ppm; UV—vis (H,0/
CH;CN/TFA = 40/60/0.05): Amax (relative intensities) 293 (100%), 324
(30%) nm; IR: v 3360 (m), 3240 (m), 2960 (s), 2930 (s), 2870 (m),
1730 (s), 1620 (s), 1580 (w), 1490 (m), 1470 (m), 1260 (s), 1160 (m),
1080 (m), 1030 (s), 830 (w) cm™!; HRMS (ESI-TOF) caled for
CasHa6N3 (M), 380.2127; found, 321.2126.

PZ5: 'H NMR (500 MHz, CD;0D): 6 8.62 (d, J = 9.1 Hz, 1H),
8.59 (d, J = 9.2 Hz, 1H), 7.83-7.72 (m, 3H), 7.68—7.54 (m, 3H),
7.38—7.32 (m, 2H), 6.46 (d, J = 2.4 Hz, 1H), 4.52 (¢, /= 8.1 Hz, 2H),
2.06—1.88 (m., 2H), 1.78—1.26 (m, 6H) ppm; *C NMR (500 MHz,
CD:OD): 6 159.9, 152.7, 149.5, 136.4, 133.8, 132.3, 130.8, 130.1,
129.8,129.4,126.7,126.1, 123.8,121.2, 119.8, 1104, 99.8, 52.1,31.0,
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294, 29.1, 24.8 ppm; UV —vis (H,O0/CH;CN/TFA = 40/60/0.05): Ainex
(relative intensities) 292 (100%). 324 (30%) nn: IR: v 3440 (w), 3360
(m), 3240 (m), 2930 (s), 2860 (s), 2090 (s), 1640 (s), 1630 (s). 1500
(m). 1470 (w), 1260 (s), 1160 (s), 1030 (s). 830 (w) em™!; HRMS
(ESI-TOF) caled for CasHasNg (M1), 397.2141; found, 397.2130.

PZ6: '"H NMR (600 MHz, CD:0OD): 0 8.63 (4, J = 9.1 Hz, 1H),
8.56 (d,J = 9.2, 1H), 7.82—7.76 (m, 3H), 7.64—7.54 (m, 3H), 7.39—~
7.33 (m, 2H), 6.48 (d, J = 2.4, TH), 3.46—3.29 (m, 2H), 2.06—1.88
(m, 2H), 1.80—1.62 (m, 4H) 1.22—1.58 (i, 4H) ppm; *C NMR (600
MHz, CD;OD): ¢ 160.3, 153.0, 149.7, 136.5, 133.8, 132.3, 130.9,
130.1, 129.9, 129.6, 126.8, 126.0, 123.8, 121.6, 119.7, 110.4, 99.8,
52.4,30.9,29.7, 27.5, 27.1, 26.9 ppm; UV—vis (H,O/CH;CN/TFA =
40/60/0.05): Amax (relative intensitiesy 292 (100%), 324 (28%) nm;
IR: v 3450 (w). 3360 (m), 3240 (m), 2930 (s). 2860 (m), 2100 (s),
1640 (m), 1630 (m), 1500 (m), 1460 (w), 1260 (s), 1160 (s), 1030 (s),
830 (w) em™!; HRMS (ESI-TOF) caled for CzsHz7Ng (M™), 411.2297;
found, 411.2292.

General Procedure for the Preparation of Regioisomerically Pure
syn-Triazoles. Azide (50 umol) and alkyne (50 gmol) were dissolved
in methanol (1 mL), and the solvent was subsequently removed under
reduced pressure. The residue was heated in an oven at 80—120 °C
for 4—7 days, affording the corresponding triazole as a syn/anti mixture
of approximately 1:1. The regioisomers were separated by semiprepara-
tive HPLC (Cyclobond T 2000 DMP, 250 x 10 mm) to yield
regioisomerically pure triazoles.

syn-TZ2PAS5: 'H NMR (606 MHz, CD;0D): 6 8.62 (d, J = 9.1
Hz, 1H), 8.56 (d, J = 9.2 Hz, [H), 8.24 (d, J = 8.2 Hz, 2H), 7.74—
7.16 (m, 11 H), 6.45 (d, J = 2.0 Hz, 1H), 4.66 (¢, J = 7.3 Hz, 2H),
4.37 (m, 2H), 4.18 (¢, J = 7.2 Hz, 2H), 2.97 (5. 2H), 2.57 (1, J = 6.9
Hz, 2H), 1.93—1.76 (m, 6H), 1,41—1.12 (m, 6H) ppm; UV —vis (H,0/
CH;CN/TFA = 40/60/0.05): Ay (relative intensities) 248 (98%), 292
(100%), 333 (52%) nm; IR: v 3340 (br), 2950 (m). 2840 (m), 1640
(w). 1620 (w), 1580 (m), 1520 (w). 1500 (w), 1450 (w), 1410 (w),
1320 (w), 1260 (w), 1230 (w), 1110 (w), 1020 (s) cm™'; HRMS (ESI-
TOF) caled for C4HysNg (M), 647.3611; found, 647.3595.

syn-TA2PZ6: 'H NMR (500 MHz, CD;OD): & 8.62 (4, J = 9.1
Hz, 1H), 8.57 (4, J = 9.2 Hz, 1H), 8.24 (d, J = 8.2 Hz, 2H), 7.72~
7.12 (m, 11 H), 6.41 (d, J = 2.2 Hz, 1H), 4.70~4.37 (m, 4H), 4.30—
4.13 (m, 2H), 2.83 (s, 2H), 2.78—2.60 (m, 4H), 1.93—1.76 (m, 6H),
1,41-1.12 (m, 6H) ppm; UV—vis (H,O/CH;CN/TFA = 40/60/0.05):
Amax (relative intensities) 248 (97%), 293 (100%). 334 (55%) nm; IR:
v 3310 (br), 2930 (m), 2860 (m), 1690 (w), 1620 (m), 1590 (m), 1520
(w), 1490 (w), 1450 (m), 1410 (w), 1340 (m), 1260 (m), 1180 (w),
1150 (w), 1050 (s), 950 (w), 830 (w) cm™!; HRMS (ESI-TOF) calcd
for C42HasNg (M), 661.3767; found, 661.3753.

syn-TA2PZ5: 'H NMR (400 MHz, CD;ODY): 6 8.68—8.23 (m, 4H),
7.77—=7.10 (m, 11 H), 6.45 (d, J = 2.3 Hz, 1H), 4.56—4.17 (m, 6H),
3.01 (s, 2H), 2.62 (¢, J = 7.48 Hz, 2H), 1.93—1.79 (m, 6H), 1,38—
1.15 (m, 6H) ppm; UV—vis (H,O/CH;CN/TFA = 40/60/0.05): Amax
(relative intensities) 247 (97%), 293 (100%), 334 (53%) nm; 1R: v
3350 (br), 2940 (m), 2850 (w), 1620 (w), 1590 (m), 1520 (w), 1480
(w), 1460 (m}), 1410 (m), 1350 (m), 1250 (m), 1180 (w), 1160 (w),
1080 (w), 1020 (s), 950 (w), 830 (w) cm™'; HRMS (ESI-TOF) caled
for C4iHasNg (M), 647.3611; found, 647.3596.

General Procedure for the Synthesis of Isomerically Pure anti-
Triazoles. An aqueous CuSOj4 solution (100 mM, 25 uL) and copper
powder (2 mg) were added to a solution of azide (50 gmol) and alkyne
(50 umol) in ethanol (200 uL). The reaction mixture was stirred at
room temperature for 2—4 days. The anti-triazole was purified by
semipreparative HPLC.

anti-TZ2PA5: 'H NMR (600 MHz, CD;OD): 6 8.62 (d, J = 9.1
Hz, 1H), 8.56 (d, J = 9.2 Hz, 1H), 7.96 (d, J = 8.6 Hz, 2H), 7.72—
724 (m, 11 H), 6.38 (d, J = 2.3 Hz, 1H), 470 (r, J = 7.8 Hz, 2H),
4.37 (m, 2H), 421 (1, J = 6.1 Hz, 2H), 2.91 (s, 2H), 2.53 (1. /= 7.4
Hz, 2H), 1.88—1.72 (m, 6H), 1,41 —~1.16 (m, 6H) ppm; UV -—vis (H,0/
CH;CN/TFA = 40/60/0.05): A (relative intensities) 248 (96%), 292

(100%), 334 (51%) nm; IR: v 3340 (br). 2930 (m), 2870 (w), 2100
(s), 1730 (w), 1700 (w), 1590 (s), 1520 (w), 1490 (w), 1450 (m), 1370
(m), 1350 (m). 1230 {m), 1180 (m), 1160 (m), 1040 (w), 950 (m), 840
(m) ecm™!; HRMS (ESI-TOF) caled for C4HasNg (M7), 647.3611; found,
647.3597.

anti-TA2PZ6: 'H NMR (500 MHz, CD;0OD): 6 8.64(d,J = 9.2
Hz, 1H), 8.60 (d. J = 9.2 Hz, |H), 8.03 (d, J = 8.4 Hz, 2H), 7.82—
7.34 (m, 11 H), 648 (d, J = 2.2 Hz, 1H), 4.70—4.37 (m, 4H), 4.30—
4.13 (m, 2H), 2.88 (s, 2H), 2.78-2.67 (. 4H), 1.88—1.72 (m, 6H),
1,41—1.16 (i, 6H) ppm; UV —vis (H;O/CH:CN/TFA = 40/60/0.05):
Amax (relative intensities) 248 (86%), 292 (100%), 334 (48%) nm; IR:
v 3330 (br), 3360 (m), 2940 (m), 2870 (w), 2100 (s), 1730 (w), 1700
(w), 1590 (s), 1520 (w), 1490 (w), 1450 (m), 1370 (m), 1230 (m),
1160 (m), 1120 (w). 1060 (s), 950 (m), 830 (m) cm~'; HRMS (ESI-
TOF) caled for CyaHysNg (M), 661.3767: found, 661.3756.

anti-TA2PZ5: 'H NMR (400 MHz, CD;0D): & 8.71—8.23 (m,
4H), 7.67—7.12 (m, 11 H), 6.45 (d, J 2.2, 1H), 4.40—4.2 (m, 6H), 3.01
(s, 2H), 2.62 (1, J = 7.42 Hz, 2H), 1.95—1.72 (m, 6H), 1.38~1.20 (m,
6H) ppm: UV—vis (H,O/CH;CN/TFA = 40/60/0.05): A (relative
intensities) 248 (95%), 292 (100%), 334 (51%) nm; IR: v 3340 (br),
2940 (my), 2840 (w), 2100 (s), 1690 (w), 1590 (s). 1520 (w), 1480 (w),
1450 (m), 1350 (m), 1250 (m), 1180 (m), 1160 (m), 1040 (s), 950 (m),
830 (m) cm™!; HRMS (ESI-TOF) caled for C4HaNg (M*), 647.3611;
found, 647.3596. Table 3 shows analytical HPLC conditions for selected
compounds.

Determination of AChE—Inhibitor Association and Dissociation
Rate Constants. The association rate constants (k) were determined
by following the rate of quenching of the intrinsic AChE tryptophan
fluorescence upon inhibitor binding using the stopped-flow technique.®!
For femtomolar and low picomolar inhibitors, we determined the first-
order dissociation rate constants (ko) by measuring the return of AChE
activity upon 5000-fold dilution of 50—100 nM concentrations of
AChE—inhibitor complex into 250 pug/mL solution of calf thymus DNA
(USB Corp., Cleveland, OH) using the Ellman assay.’? The DNA
sequesters the free phenanthridinium ion upon its release from the AChE
complex through intercalation, thus preventing its reassociation with
AChE when inhibitor concentrations in the reactivation medium are
above their Ky High picomolar inhibitors dissociated faster, and the
reactivation medium contained no DNA, but substrate acetylthiocholine
and thiol reagent DTNB were added to the reactivation medium for
continuous monitoring of enzyme activity immediately upon dilution
of AChE—inhibitor complex. The dissociation constants were deter-
mined by nonlinear fitting of the first-order increase in enzyme activity
up to 100% of the AChE control activity in mixture containing no
inhibitor. Alternatively, ko values of fast dissociating inhibitors were
determined using stopped-flow techniques, by following the partial
return of intrinsic tryptophan fluorescence caused by dissociation of
the AChE—inhibitor complex upon mixing with high concentration
(100 uM) of competing ligand (ambenonium or other tight binding
ligand) to prevent inhibitor reassociation.

All experiments were performed in at least triplicate with the standard
error of determination smaller than 20% of the mean value. The
measurements were performed in 0.1 M phosphate buffer pH 7.0 at
22 °C ona SX.18 MV stopped-flow instrument (Applied Photophysics)
or Cary 1E UV—vis spectrophotometer (Varian).

The equilibrium dissociation constants for the syn- and anti-
TA2PZ6, TA2PZS, and TZ2PAS isomers, calculated as the ratios of
their first-order dissociation and second-order association rate constants,
are listed in Table 1, along with the dissociation constants for the
TZ2PA6 isomers obtained previously.®

(51) Radic, Z.; Taylor, P. J. Biol. Chem. 2001, 276, 4622—4633.
(52) Ellman, G. L.; Courtney, K. D.; Valentino Andres, J.; Featherstone, R. M.
Biochem. Pharmacol 1961, 7, 88—95.
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Conclusions

We have optimized the in situ click chemistry approach to
lead discovery and increased its scope using acetylcholinesterase
as the target. The application of LC/MS—SIM for product
identification greatly enhanced the sensitivity and reliability of
the method and allowed the incubation times to be decreased
from 6 days to as little as 6 h. Three new AChE inhibitors, in
addition to the known compound, TZ2PA®6, were identified from
a library of tacrine and phenanthridinium azide and acetylene
reagents, which contained the building blocks from previous
work and the new PZ5.2* All inhibitors, TZ2PA6, TZ2PAS,
TA2PZ6, and TA2PZS, were produced with almost complete
selectivity for the syn-triazole isomer by both eel and mouse
enzymes. This is a surprising discovery for TZ2PAS and
TA2PZS5, in view of their reduced linker lengths. The syr-
triazoles, formed by the enzyme, are more than 100 times more
potent than the corresponding anti-isomers. Detailed binding
studies revealed all in situ hit compounds to be extremely potent
ACHhE inhibitors, with dissociation constants in the femtomolar
range, due to the multivalent nature of the binding interactions,
which also involve the newly formed syn-triazole heterocycle
as an active pharmacophore.?> The LC/MS—SIM technique
enables the testing of multicomponent mixtures, thereby dra-
matically increasing the efficiency of the method and setting

12818 J. AM. CHEM. SOC. » VOL. 126, NO. 40, 2004

the stage for medium- or even high-throughput screening. We
are currently completing a search for novel and druglike AChE
inhibitors based on this method and are investigating other
enzyme and receptor targets, such as HIV protease, carbonic
anhydrase, and nicotinic acetylcholine receptors.
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Abstract: The target-guided, in situ click chemistry approach to lead discovery has been successfuily
employed for discovering acetylcholinesterase (AChE) inhibitors by incubating a selected enzymeftacrine
azide combination with a variety of acetylene reagents that were not previously known to interact with the
enzyme’s peripheral binding site. The triazole products, formed by the enzyme, were identified by HPLC-
mass spectrometry analysis of the crude reaction mixtures. The target-guided lead discovery search was
also successful when performed with reagent mixtures containing up to 10 components. From 23 acetylene
reagents, the enzyme selected two phenyltetrahydroisoquinoline (P1Q) building blocks that combined with
the tacrine azide within the active center gorge to form muitivalent inhibitors that simultaneously associate
with the active and peripheral binding sites. These new inhibitors are up to 3 times as potent as our previous
phenylphenanthridinium-derived compounds, and with dissociation constants as low as 33 femtomolar,
they are the most potent noncovalent AChE inhibitors known. In addition, the new compounds lack a
permanent positive charge and aniline groups and possess fewer fused aromatic rings. Remarkably, despite
the high binding affinity, the enzyme displayed a surprisingly low preference for one PIQ enantiomer over

the other.

Introduction

By employing the biological targets themselves for as-
sembling inhibitors within the confines of their binding sites,
target-guided synthesis (TGS) promises to revolutionize lead
discovery. The newly formed inhibitors usually display much
higher binding affinities for their biological targets than the
individual components, since they simultaneously engage in
multiple binding interactions.!? In principle, lead discovery by
TGS is independent of the function of the target, since it relies
solely on its ability to hold the reagents in close proximity until
they become connected via the “arranged” chemical reaction.
As long as 20 years ago, Rideout et al. reported a marked
synergism between the cytotoxic effects of decanal and M-
amino-guanidines, which they suggested to result from the self-
assembly of cytotoxic hydrazones inside cells.># Since then,
several approaches to target-guided synthesis have been devel-
oped: dynamic combinatorial chemistry,>"1# stepwise target-

T Department of Chemistry, The Scripps Research Institute.
§ The Skaggs Institute for Chemical Biology, The Scripps Research
Institute.
1 University of California, San Diego.
(1) Jain, A.; Huang, S. G.; Whitesides, G. M. J. Am. Chem. Soc. 1994, 116,
5057—-5062.
(2) Mammen, M.; Chio, S.-K.; Whitesides. G. M. dngew. Chem., Int. Ed. 1998,
37, 27552794,
(3) Rideout, D. Science 1986, 233, 561—-563.
(4) Ridcout, D.; Calogeropoulou, T.; Jaworski, J.; McCarthy, M. Biopolymers
1990, 29, 247—-262.
(5) Huc, §; Lehn, J-M. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 2106—2110.
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guided synthesis,'>!¢ and kinetically controlled target-guided
synthesis.!?=2° The latter approach uses irreversible reactions
to unite reagents inside the protein’s binding pockets. Most

(6) Ramstrdm, O.; Lehn, J.-M. ChemBioChem 2000, I, 41—48.

(7) Lehn, J.-M.; Eliscev, A. V. Science 2001, 291, 2331—2332.

(8) Bunyapaiboonsri, T.; Ramstrom, O.; Lohmann, S.; Lehn, J.-M.; Peng, L.;
Goeldner, M. ChemBioChem 2001, 2, 438—444,

(9) Elisecv, A. V. Pharm. News 2002, 9, 207—-215.

(10) Ramstrom, O.; Lehn, J.-M. Nat. Rev. Drug Discovery 2002, 1, 26—36.

(11) Otto, S. Curr. Opin. Drug Discovery Dev. 2003, 6, 509—520.

(12) Erlanson, D. A.; Braisted, A. C.; Raphael, D. R.; Randal, M.; Stroud, R.
M.; Gordon, E. M.; Wells, J. A. Proc. Natl. Acad. Sci. U.S.A. 2000, 97,
9367-9372.

(13) Erlanson, D. A;; Lam, J. W.; Wicsmann, C.; Luong, T. N.; Simmons, R.
L.; DcLano, W. L.; Choong, 1. C.; Burdett, M. T.; Flanagan, W. M.; Lec,
D.; Gordon, E. M.; O’Bricn, T. Nat. Biotechnol, 2003, 21, 308—314.

(14) Ramstrom, O.; Lohmann, S.; Bunyapaiboonsri, T.; Lehn, Y-M. Chem.—
Eur. J. 2004, 10, 1711—-1715.

(15) Maly, D. J.; Choong, I. C.; Ellman, J. A, Proc. Natl. Acad. Sci. U.S.A.
2000, 97, 2419—2424,

(16) Kchoe, J. W.; Maly, D. J.: Verdugo, D. E.; Amstrong, J. L; Cook, B. N,;
Ouyang, Y.-B.; Moore, K. L.; Ellman, J. A.; Bertozzi, C. R. Bioorg. Med.
Chem. Lett. 2002, 12, 329332,

(17) Lewis, W. G; Green, L. G; Grynszpan, F.; Radi¢, Z.; Carlicr, P. R.; Taylor,
P.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int. Ed. 2002, 41, 1053—

1057.

(18) Bourne, Y; Kolb, H. C.; Radié, Z.; Sharpless, K. B.; Taylor, P.; Marchot,
P. Proc. Natl. Acad. Sci. US.A. 2004, 101, 1449—1454,

(19) Inglese, J.; Benkovic, S. J. Tetrahedron 1991, 47, 2351—-2364.

(20) Boger, D. L.; Haynes, N.-E.; Kitos, P. A.; Warren, M. S.; Ramcharan, J.;
Marolewski, A. E.; Benkovic, S. J. Bivorg. Med. Chem. 1997, 5, 1817—
1830.

(21) Greasley, 8. E.; Marsilje, T. H.; Cai, H.; Baker, S.; Benkovic, S. 1.; Boger,
D. L.; Wilson, 1. A. Biochemistry 2001, 40, 13538—13547.

(22) Nguyen, R.; Hue, L. 4dngew. Chem., Int. Ed 2001, 40, 1774—1776.

(23) Nicolaou, K. C.; Hughes, R.; Cho, S. Y.; Winssinger, N.; Smecthurst, C.;
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syn-TZ2PA6

syr=-TZ2PAS

syn-TA2PZ5 syn-TA2PZ6

Figure 1. Four in situ click chemistry hit compounds based on tacrine and phenylphenanthridinium reagents.

approaches to TGS employ highly reactive reagents (strong
electrophiles or nucleophiles, metathesis catalysts, etc.), which
can cause side reactions and even destroy the biological target.
To avoid such complications, we have developed an extremely
reliable approach to kinetically controlled TGS, called in situ
click chemistry,'”?¢ which employs the completely bio-
orthogonal [1,3}-dipolar cycloaddition reaction?’ between azides
and acetylenes. This process is self-contained, hence no external
reagents, catalysts, or byproducts that might interfere, and the
“reactants” themselves are largely “invisible” in a biological
milieu. Most importantly, despite its high driving force (>50
kcal/mol) the uncatalyzed reaction has a surprisingly high
activation barrier of approximately 25 kcal/mol, causing it to
be extremely slow at room temperature and its rate to be highly
dependent on parameters that stabilize the transition state.?® This
was first exploited by Mock et al.,, who observed a 10°-fold
increase of the cycloaddition reaction rate when azide and
acetylene groups are held together in close proximity inside the
synthetic receptor, cucurbituril, leading to irreversible formation
of a triazole.® 3! In previous work we have shown that
acetylcholinesterase (AChE) is able to assemble extremely
potent inhibitors, which simultaneously access the enzyme’s
active and peripheral binding sites,3?~3* from azide and acetylene
reagents, each linked to known active and peripheral site
inhibitors, tacrine and phenylphenanthridinium, respectively.l726
Later we found that carbonic anhydrase is also capable of
assembling its own inhibitors within the confines of its active

(24) Nicolaou, K. C.; Hughes, R.; Cho, S. Y.; Winssinger, N.; Labischinski,
H.; Endermann, R. Chem.—Eur. J. 2001, 7, 38243843,

(25) Poulin-Kersticn, A. T.; Dervan, P. B. J. Am. Chem. Soc. 2003, 125, 15811—
15821,
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K. B.; Kolb, H. C. /. Am. Chem. Soc. 2004, 126, 12809—12818.

(27) Huisgen, R. In [,3-Dipolar Cycloaddition Chemisny; Padwa, A., Ed;
Wiley: New York, 1984; Vol. 1, pp 1—-176.

(28) Himo, F.; Lovell, T.; Hilgraf, R.; Rostovtsev, V. V.; Noodleman, L.;
Sharpless, K. B.; Fokin, V. V. J. 4m. Chem. Soc. 2005, 127, 210216,

(29) Mock, W. L,; Irra, T. A.; Wepsicece, J. P.; Manimaran, T. L. J. Org. Chem.
1983, 48, 3619—3620.
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center region, suggesting the in situ click chemistry technique
is applicable to a broad range of targets.3 Indeed, the scope of
the method is not limited to proteins, as demonstrated by Dervan
et al.,, who have used the azide/acetylene cycloaddition to
explore the double-stranded DNA-templated interconnection of
hairpin polyamides in the minor groove to produce tandem
hairpin dimers in site-specific fashion, which are capable of
targeting longer sequences.?’

Recent key breakthroughs in our labs were made possible
by an improved method for analyzing the in situ click chemistry
reaction mixtures.?® Instead of using MALDYDIOS (desorption/
ionization on silicon) mass spectrometry,>’¥ as done previ-
ously,!” we now use HPLC with compound detection through
electrospray mass spectrometry in the positive selected ion mode
(LC/MS-SIM). For our purpose this method is more reliable,
enabling identification of the product triazoles by both retention
time and molecular weight. Additionally, chromatographic
removal of the molecules that might otherwise obscure the mass
spectrum of the product allows us to reduce the reaction time
from 6 days to 6 hours and lower the reagent concentrations
considerably. The following results were obtained under these
conditions.

(1) From 52 combinations of azide- and acetylene-bearing
tacrine and phenylphenanthridinium reagents, potentially giving
rise to 104 products, only four were assembled inside mouse
or eel acetylcholinesterase to form, with high selectivity, 1,5-
disubstituted (“syn™) triazoles (Figure 1). These enzyme-
generated compounds are femtomolar inhibitors, whereas the
corresponding 1,4-disubstituted (“anti™) triazole derivatives are
much less active.

(2) The triazole units of all enzyme-generated inhibitors were
two methylene units away from the tacrine moiety, even though
the enzyme had the opportunity to assemble products with
different linker spacings. Recent X-ray crystallographic studies
of complexes of anti- and syn-TZ2PA6 and mouse AChE
revealed that the formed triazole moieties are optimally posi-
tioned to contribute to protein binding through hydrogen bonding
and stacking interactions.'® This implies not only that triazoles

(36) Mocharla, V. P.; Colasson, B.; Lee, L.; Rocper, S.; Sharpless, K. B.; Wong,
C.-H.; Kolb, H. C. Angew. Chem., Int. Ed. 2005, 44, 116—120.

(37) Wei, J.; Buriak, J. M.; Siuzdak, G. Nanre 1999, 399, 243—246.

(38) Thomas, J. J.; Shen, Z.; Crowell, J. E,; Finn, M. G.; Siuzdak, G. Proc.
Natl. Acad. Sci. U.S. 4. 2001, 98, 49324937,
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Figure 2. In situ click chemistry screening for AChE inhibitors, containing novel peripheral site ligands.

o | ’2« D{M:ﬁ/‘r’ﬂ/ : O?

IQN-A5:n=5
IQN-A6: n =

PIQ-A5:n=5

PIQ-A6:n=6 11Q-A6:

| N, o
CO\“(")// G\l‘f’)// ©\//N N, # 7 L LN
n n | N/"LH/\/\ Ny
/\N NS ON
®Vq

HIQ-A5:n=5
HIQ-A6:n=6

DMB-A5:n=5
DMB-A6:n=6

PIP-A5:n=5
PIP-A6:n=6

PQH-A4

C-AS:n=5 PO-A5:n=5 PHN-AS5:n = 5 DPA-A5:n=5

C-A6:n=6 PO-A6:n=6 PHN-A6:n =6 DPA-A6:n=6
N, =
va\/\

QH-A4 BOH-A4

Figure 3. A library of 23 acetylene reagents for in situ click chemistry screening. All chiral compounds are racemic.

are valuable pharmacophoric units but also that the enzyme may
have actively accelerated their formation by lowering the
transition state energies of their formation through favorable
binding interactions.

(3) Due to the chromatographic separation and greater
reliability, the new LC/MS-SIM based analysis method enabled
us to increase screening throughput by using multicomponent
mixtures of building blocks. Thus, medium- or high-throughput
in situ click chemistry screening for lead discovery is now within
reach.

Results and Discussion

These results have set the stage for performing the first ever
search for AChE inhibitors through in situ click chemistry based
on building blocks that were not previously known to interact
with the target. All previous experiments had employed known
active site and peripheral binding site ligands. To minimize the
number of variables, we decided to continue to use the tacrine
building block TZ2 as an “anchor molecule” that, in complex
with the enzyme, would recruit and irreversibly link together
novel peripheral site binders to form multivalent AChE inhibi-
tors that simultancously access multiple binding sites within the
enzyme (Figure 2). A two-methylene spacer between tacrine
and the azide was chosen, since previous experiments had
proven this distance to be optimal.?6 On the basis of analogous
considerations, we designed a library of complementary acety-
lene reagents carrying aromatic heterocyclic phenylphenanthri-
dinium mimics with a spacing of five or six methylene units.
To increase the screening throughput, we planned to test
multireagent mixtures containing up to 10 acetylene reagents
at a time. This multicomponent in situ click chemistry screening
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approach is conceptually interesting, as it addresses the question
of whether an enzyme complex of one reaction partner, capable
of triazole genesis (e.g., the tacrine azide TZ2), can find and
select its “best” triazole-forming partner(s) when presented with
mixtures of candidates with unknown binding affinities and so
discover its own potent biligand inhibitors. In the case at hand,
the goal was to replace the phenylphenanthridinium component
of our previous “in situ-made” AChE inhibitors with a moiety
conferring greater pharmacologic potential.

The acetylenic building blocks were readily synthesized by
alkylating commercially available amines with the appropriate
iodoalkynes or by forming hydrazones from 7-heptynal (cf.
Supporting Information). The complete acetylene reagent library
is shown in Figure 3. The heterocycles were chosen to simplify
the structure and eliminate the permanent positive charge, yet
retain many of the features of the phenanthridinium moiety.

For concept validation, initial in situ click chemistry screens
were performed by incubating binary TZ2/acetylene mixtures
with eel or mouse AChE at pH 7.4 for at least 6 h and analyzing
each reaction mixture by LC/MS-SIM.2° Most alkynes gave no
detectable product, except for the phenyltetrahydroisoquinolines
PIQ-AS and PIQ-A6, which formed significant amounts of
triazoles. Their identity was confirmed by chromatographic
comparison of the in situ click chemistry reaction mixtures with
authentic samples of TZ2PIQ-AS and TZ2PIQ-A6, which were
synthesized by a thermal cycloaddition reaction. Thus, two new
in situ hits have been found, composed of the tacrine active
site ligand and the phenyltetrahydroisoquinoline peripheral site
ligands. The latter were not previously known to bind to the
peripheral binding site of AChE, and they may have better
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Figure 4. Multicomponent in situ click chemistry screen. Extracted ion
LC/MS-SIM chromatograms for the multicomponent in situ reaction (traces
A-1, B-1, C-1) and for the background reaction containing all reagents, but
no enzyme (traces A-2, B-2, C-2). Traces A-1 and -2: Extracted ion
chromatograms for TZ2PIQ-AS5; note the presence of product in the enzyme
reaction, while no product is formed in the absence of AChE. Traces B-1
and -2: Extracted ion chromatograms for TZ2PIQ-A6. Again, product is
present only in the enzyme reaction. Traces C-1 and -2: Extracted ion
chromatograms for TZ2I1Q-A6. No product is formed in either the enzyme
or the control reactions. The extracted ion traces for the remaining building
blocks are similar to this trace, demonstrating that the corresponding triazoles
are below the detection limit in the in situ reaction mixture.

pharmacological properties than the previous phenylphenan-
thridinium-derived inhibitors, due to the lack of a positive
charge, the absence of aniline groups, and the presence of fewer
fused aromatic rings. The new hits were validated by demon-
strating that no triazole was formed in the absence of AChE, or
when the enzyme was replaced by bovine serum albumin (BSA)
(cf. Figure 4 for results from a multicomponent screen).
After successful completion of in situ click chemistry
experiments with binary TZ2/acetylene mixtures, we turned our
attention to multicomponent screens. Incubation of a mixture
of 10 structurally related alkynes (16 compounds, if all
enantiomers are counted, cf. Figure 4) with TZ2 and the enzyme
gave only the expected triazole products TZ2PI1Q-AS and
TZ2PI1Q-A6; that is, none of the other acetylenes that were
present in the mixture were converted into triazoles. Thus, the
TZ2/enzyme complex (over 99% active site saturation by TZ2
under the reaction conditions®) was able to recognize subtle
differences in alkyne structure (compare IQN, PIQ, and 11Q)
and form triazole products exclusively with its preferred
reagents, PIQ-AS and P1Q-A6. These results demonstrate that
highly efficient multicomponent screens are practical and that

(39) AChE concentration: 1uM; TZ2 concentration: 4—5 uM; dissociation
constant of TZ2 for mouse AChE: Ky = 23 nM.

Table 1. Inhibition Constants of Acetylene Reagents for Eel and
Mouse AChE#?

K (M)
entry compound mouse AChE eel AChE
1 IQN-A5 77 60
2 IQN-A6 210 74
3 PIQ-AS 34 18
4 PIQ-A6 21 7.8
5 11Q-A5 >400 100
6 11Q-A6 >400 67
7 C-AS5 >400 >400
8 C-A6 >400 >400
9 PO-A5S >400 >400
10 PO-A6 >400 >400
11 PHN-AS nd.c ndc
12 PHN-A6 n.d.c ndc
13 DPA-AS 42 84
14 DPA-A6 83 110
15 HIQ-AS 929 46
16 HIQ-A6 190 43
17 DMB-AS 14 20
18 DMB-A6 14 20
19 PIP-AS >400 320
20 PIP-A6 >400 170
21 PQH-A4 38 5.8
22 QH-A4 >400 >400
23 BOH-A4 4.1 0.50
24 PA6 0.36 n.d.

“The measurements were performed in 100 mM phosphate buffer pH
7.0 (+0.01% BSA to stabilize the enzyme) at 22 °C. Constants were
determined in duplicate experiments using Hunter and Downs plots.4®  For
comparison, the dissociation constant Ky of TZ2 for mouse AChE is 0.023
#M. ¢ Not determined due to low solubility of the compound.

in situ click chemistry products are formed even when compet-
ing reagents (here PIQ-AS and P1Q-A6) are present.

Determination of Dissociation Constants for Acetylene
Reagents. The inhibition of AChE by the acetylene reagents
was measured at 22 °C and pH 7.0 (Table 1). With inhibition
constants in the micromolar range (8—34 M), the phenyltet-
rahydroisoquinoline derivatives PIQ-AS and PIQ-A6 are about
1 to 2 orders of magnitude less potent than the phenylphenan-
thridinium acetylenes used previously (Ky of PA6 for mouse
AChE: 0.36 uM), demonstrating that even this relatively low
level of affinity is sufficient for the target-templated reaction
to take place. While the PIQ compounds are among the higher
affinity in the set, there are five other compounds (entries 13,
17, 18, 21, and 23) with an approximately equal or higher
potency. Surprisingly, these compounds did not form in situ
products, despite their high binding affinity to the protein and
the presence of identical linker moieties, revealing a lack of
correlation between a reagent’s binding affinity and its ability
to undergo target-templated cycloaddition. It is possible that
these compounds are not peripheral site ligands, but rather active
site binders, thercby preventing the in situ reaction from
occurring, or that the spatial orientation of the acetylene group
of the enzyme-bound reagent is suboptimal. The fact that these
compounds do not show substrate-competitive inhibition ex-
pected of association with the active center appears to rule out
the former possibility, and stereoelectronic factors seem to be
decisive.

Enantioselectivity, Initially, all reagents were either achiral
or racemic, prompting the question whether AChE would prefer
one enantiomer over the other for the in situ reaction in the
case of PIQ-A5 and P1Q-A6. To study the relative in situ click
chemistry rates, we prepared each reagent in its pure enantio-

.meric forms through the synthesis and optical resolution of the
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Scheme 1. Synthesis of Enantiomerically Pure PIQ Reagents

v, O GOHH0

crystals

HyCO HaCO
todoalkyne 1 or 2
MeCN. Koo, N /
chO:C;\NH MeCN, K;COq HSCO:C(; ;
Ph Ph
>99.8 %ee >09.8 %ee
i. Liberation of free base from crystals g%’g:g:g : z g

H4CO.
NH - -
HiCO Recrystallization from iPrOH,

filtration
Ph mother
liquor

HaCO.

HsCO

ii. Recrystalfization from EtOH

>99.8 %ee

i. Evaporation of mother fiquor
ii. Liberation of free base
{ii. Recrystallization from EtOH

lodoalkyne 1 or 2

7
H,CO Y N‘(v)/

Scheme 2. Synthesis of TZ2-Derived syn- and anti-Triazoles from PIQ-A5 and PIQ-A6?
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ant-(S)-TZ2PIQ-A6 n=2, R,=Ph, Ry=H
anti-{R)-TZ2PIQ-A6 n=2, R,=H, R;=Ph

2 Reagents and conditions: (a) EtMgCl (1.0 equiv), THF, rt to 60 °C, 30 min; (b) TZ2 (0.5 equiv), rt to 60 °C, 4 h, 65—~85% yield over 2 steps; (c) TZ2

(1.0 equiv), Cul (5 mol %), MeCN, rt, 12 h, 80—90% yield.
q y

precursor rac-6,7-dimethoxy-1-phenyl-1,2,3 4-tetrahydroiso-
quinoline,*'*? followed by alkylation with 7-iodohept-1-yne (1)
or 8-iodooct-1-yne (2) (cf. Scheme 1). The enantiopure alkynes
were also needed for kinetic and structural studies of enzyme—
inhibitor complexes (vide infra).

Interestingly, the in situ click chemistry reaction rates for the
enantiomers of each acetylene component are quite similar (cf.
Supporting Information). In case of the mouse enzyme, the R
isomers react slightly faster than the S enantiomers, whereas
the opposite is true for the eel enzyme. We are in the process
of investigating the molecular origin of the lack of selectivity
through X-ray crystallography.

Determination of the Regioselectivity. We synthesized all
regioisomers and enantiomers of the TZ2-derived PIQ-AS and
PIQ-AG triazoles to elucidate the regioselectivity of the enzyme
reaction and to develop a deeper understanding of the structure—
activity relationship (Scheme 2). For the preparation of anti-
triazoles, the recently discovered copper(I)-catalyzed process
was employed,®# whereas syn-isomers were synthesized by
way of magnesium acetylides.#~#

The comparison of LC/MS-SIM traces of enzyme-produced
triazoles and the reference compounds revealed a striking

similarity to the tacrine/phenylphenanthridinium system in that
all in situ reaction products are 1,5-disubstituted (syn) triazoles
(Figure 5). The syn selectivity was independent of the linker
length, the source of the enzyme (eel or mouse AChE), and the
absolute configuration of the PIQ component {(cf. Supporting
Information for LC/MS-SIM traces).

Determination of AChE-Inhibitor Association and Dis-
sociation Rate Constants. All kinetic parameters of inhibitor
binding to and dissociation from eel and mouse AChE were
measured as described previously,?¢ except for one modification.
For determining the first-order dissociation rate constants by
measuring the return of AChE activity upon 5000-fold dilution
of 50—100 nM concentrations of AChE-inhibitor complex, we
employed purified inactive mouse AChE mutant Ser203Ala
(2070 nM), instead of DNA, for sequestering the inhibitors
upon their release from the complex with the active wild-type
ACHhE to prevent their reassociation at concentrations approach-
ing or higher than their Ky. This modification was necessary,
since the current set of inhibitors did not intercalate with DNA
as efficiently as the phenylphenanthridinium derivatives used
previously. The equilibrium dissociation constants for the syn-
and anti-isomers, calculated as the ratios of their first-order

{40) Hunter, A.; Downs, C. D. J. Biol. Chem. 1948, 87, 427—446.

(41) Kumar, P.; Dhawan, K. N.; Kishor, K.: Bhargava, K. P.; Satsangi, R. K. J.
Heterocycl. Chem. 1982, 19, 677—679.

(42) Lee, D. U.; Wicgrebe, W. Bull. Korean Chem. Soc. 1991, 12, 373376,

(43) Rostovtsev, V. V,; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew.
Chem., Int. Ed. 2002, 4], 2596—2599.

(44) Tornec, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67, 3057—
3064. ’
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(45) Krasinski, A.; Fokin, V. V.; Sharpless, K. B. Org. Lett. 2004, 6, 1237—
1240.

(46) Akimova, G. S.; Chistokletov, V. N.; Petrov, A. A. Zh. Org. Khim. 1967,
3, 968—974.

(47) Akimova, G. S.; Chistokletov, V. N.; Petrov. A. A. Zh. Org. Khim. 1967,
3, 2241-2247.
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Figure 5. Regioisomer (syn/anti) determination for mouse AChE-derived in situ hits. The in situ product, (R)-TZ2PIQ-AS, was compared by LC/MS-SIM
to authentic samples from the Cu(I)-catalyzed and Mg-mediated reactions. (A) anti-(R)-TZ2PIQ-AS prepared by the Cu(l)-catalyzed reaction; (B) co-
injection of (R)-TZ2PIQ-AS, formed by AChE, and anti-(R)-TZ2P1Q-AS, prepared by the Cu(l)-catalyzed reaction; (C) in situ click reaction; (D) co-
injection of the in situ click reaction and syn-(R)-TZ2P1Q-AS prepared by the Mg-mediated reaction; (E) syn-(R)-TZ2P1Q-A5 prepared by the Mg-mediated
reaction.

Table 2. Kinetic Parameters and Dissociation Constants for in

AS, which do not carry a permanent positive charge and aniline
Situ-Generated Inhibitors and Related Compounds

groups as did the previous champion, TZ2PAS6, while being 3

. ko'n ) ko K AChE times as potent in the case of eel AChE. In fact, with a
i RN 1 R .
inhibitor (10"M T min™)  (min~") ™ source dissociation constant of less than 40 fM (eel AChE), these
syn- 0.70 0.00023 33 eel compounds are the most potent noncovalent AChE inhibitors
(S)TZ2PIQ-AS i g;; ?'?838 210 (5)88 i known to date. As a general observation, all in situ-generated
0.72 62 870000 mouse compounds tested here show a greater affinity for the eel enzyme
syn- 0.67 0.00024 36 eel (33—360 fM) than for mouse AChE (100—1700 fM).
(R)-TZ2PIQ-AS . 084 0.00088 100 mouse Despite the tight binding of the TZ2PIQ triazoles, there is
anti- 0.40 0.77 190000 eel 1 . X £ This ob ion is in Li
0.58 1.0 180000 mouse n(? clear enantlomenF Pre erer_lce. 1s observation 1s'1n 1r3e
syn- 0.90 0.00087 96 eel with the lack of selectivity for either one of the two enantiomeric
(S)-TZ2PIQ-A6 _ g-zz 8-2;10 2001(1)88 m?use reactants in the in situ click chemistry reaction (vide supra).
anti- . . €e . . .
067 28 420000 mouse Thus, in the case of TZ2P1Q-AS5, having a 5-methylene linker

syn- 0.67 0.0024 360 eel between the triazole ring and the tetrahydroisoquinoline moiety,
(R)-TZ2PIQ-A6 0.73 0.012 1700 mouse the R isomer is bound about 5 times more tightly than the S
anti- 0.50 0.82 170 000 cel enantiomer in the case of mouse AChE, while there is no
0.64 1.4 220000 mouse . : . .
syn- 1.0 0.012 1200 cel difference between the enantiomers in case of ecl enzyme. The
TZ2HIQ-A6 15 0.081 5400 mouse reverse trend is observed in the case of the TZ2PIQ-A6
anti- 047 10 2100000 eel

triazoles, having a 6-methylene linker, where the S isomer has

o (1)28 ! (1) 0015 1900 03(9) re‘:l’“se a higher binding affinity for either enzyme.
TZ2PA6 17 0.0071 410 mouse As before, the in situ-generated syn-triazoles are several orders
anti- 1.8 0.25 14000  eet of magnitude more potent inhibitors than the corresponding anti-
2.5 0.22 8900 mouse

isomers, not formed by the enzyme. However, the extent of the
difference is more than an order of magnitude larger than for
phenylphenanthridinium triazoles, ranging from 600- to 5600-
fold preference for the syn-triazoles (the average difference in
the free energy of binding is about 4 kcal/mol, ¢f. Supporting
Information for additional free energy data). In the case of the
phenylphenanthridinium triazoles, the syn-preference was only
14- to 420-fold. In general, our data suggest that compounds
that are not formed by the enzyme, e.g., anti-triazoles and
TZ2HIQ-A6, bind more weakly than the in situ-generated
triazoles.

dissociation and second-order association rate constants, are
listed in Table 2, along with the dissociation constants for the
TZ2PA6 isomers reported previously.2

Interestingly, despite their higher binding affinities, the P1Q-
derived inhibitors display 2 to 3 times lower on-rates than the
original PA-derived inhibitors. Nevertheless, the on-rates kg,
are all very large, close to diffusion controlled, and the observed
binding affinity trends are due mainly to variations in off-rates
ko, which are extremely slow for the tightest binding com-

pounds.

The best inhibitors proved to be the enzyme-generated
phenyltetrahydroisoquinoline derivatives (S)- and (R)-TZ2PIQ-

Experimental Section

CAUTION! All of the compounds described here (and especiaily
the most potent polyvalent inhibitors) are potentially neurotoxic. They
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must be handled with extreme care by trained personnel. Azide-
containing compounds, particularly those lower in saturated carbon and
oxygen content, are potentially explosive and must be handled with
care.

General Procedures for in Situ Click Chemistry Experiments.
Determination of Acetylcholinesterase and Stock Concentrations.
The enzyme concentrations were determined by quantitative measure-
ment of AChE activity using the Ellman assay as described previ-
ously.'>2¢ Al in situ click chemistry reactions were performed at an
active site concentration of 1 uM. The stock concentrations for all
triazole compounds were determined in duplicate by titration of the
inhibitor solutions with two different AChE preparations of known
concentration.

In Situ Click Chemistry Screening Procedure for Binary Reagent
Mixures. The tacrine azide TZ2 was dissolved in MeOH and added
to ~1 uM solutions of eel AChE (Type V-S, Sigma) or mouse
ACRE** in buffer (2 mM ammonium citrate, 100 mM NaCl, pH =
7.3—17.5) followed immediately by one of the acetylene components
and mixed. The final concentrations were as follows: eel or mouse
AChE, 1 u#M; tacrine azide (TZ2), 4.6 uM, acetylene component, 24
uM; MeOH, 1.5%. Each reaction mixture was incubated at 37 °C for
at least 6 h. Samples of the reactions were injected directly (15 uL)
into the LC/MSD instrument to perform LC/MS-SIM analysis (Zorbax
SB-C8 reverse-phase column, preceded by a Phenomenex C18 guard
column, electrospray ionization, and mass spectroscopic detection in
the positive selected ion mode, tuned to the expected molecular weight
of the product). The cycloaddition products were identified by their
retention times and molecular weights. Control experiments in the
absence of enzyme or in the presence of bovine serum albumin (BSA,
3 mg/mL) instead of enzyme failed to produce product signals. For
these control experiments, methanol (1:1 dilution) was added to the
reaction mixtures prior to LC/MS-SIM analysis, to prevent possible
precipitation of the expected triazole product.

In Situ Click Chemistry Screening Procedure for Multicompo-
nent Incubations. A methanolic solution (1.0 uL) of acetylene building
blocks (10 reagents at 2 mM concentration each) was added to a solution
of TZ2 and mouse AChE (99 uL of 1 uM AChE, 4.2 uM TZ2, 2 mM
amimonium citrate, 100 mM NaCl, pH = 7.3—7.5). The final concentra-
tions were as follows: mouse AChE, 1 uM; tacrine component (TZ2),
4.2 uM; acetylene component, 20 uM; MeOH, 1%. Each reaction
mixture was incubated at 37 °C for at least 24 h. Samples of the
reactions were injected directly (15 uL) into the LC/MSD instrument
to perform LC/MS-SIM analysis, as described previously.?® The
chromatograms were analyzed for the presence of in situ reaction
products by extracting single ion traces for all expected molecular
weights (cf. Figure 4).

Conclusions

This study reveals that the in situ click chemistry approach
has great potential for lead discovery and optimization. As
established here, suitable reagents for the generation of potent
inhibitors within the enzyme’s binding sites can be found
without prior knowledge of their affinities for the protein,
provided that one of the two components has sufficient affinity

(49) Radié, Z.; Pickering, N. A.; Vellom, D. C.: Camp, S.; Taylor, P.
Biochemistry 1993, 32, 12074-12084.

(50} Marchot, P.; Ravelli, R, B. G.; Raves, M. L.; Bourne, Y.; Vellom, D. C.;
Kanter, J.; Camp, S.; Sussman, J. L.; Taylor, P. Protein Sci. 1996, 5, 672~
679.
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to serve as an “anchor molecule”. In the present study, the
anchor is the azide TZ2, which is present at a concentration
sufficient to saturate the enzyme active site. We have discovered
two new potent in situ hit compounds through screening of
reagent mixtures using the reliable LC/MS-SIM method for
analyzing in situ click chemistry mixtures. The hit compounds
TZ2P1Q-A5 and TZ2PIQ-A6 were made by both eel and
mouse AChE with high regioselectivity for the syn-triazole
product. With low-femtomolar dissociation constants, these
compounds are the most potent noncovalent AChE inhibitors
known. They lack a permanent positive charge and aniline
groups and possess fewer fused aromatic rings than the original
inhibitors. The corresponding anri-isomers, not made by the
enzymes, were 2—4 orders of magnitude less potent. The
affinities of the offered building block components do not always
correlate well with the propensity for formation of hit com-
pounds. The unique synergism found for formation of these hit
compounds within the enzyme likely results from the proximity
of the reactant moieties and their ability to adopt the appropriate
orientation. In addition, the enzyme-templated cycloaddition is
most likely promoted by an enthalpic stabilization of the
transition state, probably through compensation of the strong
dipole moment that is developed during triazole genesis.
Previous crystallographic studies have revealed the unusual
positioning of a tryptophan and a tyrosine at the peripheral
binding site pointing toward a potential ability of the reactive
building blocks to induce or stabilize a unique enzyme
conformation that allows the reaction to take place. Currently,
we are focusing our research on the mechanism of the in situ
click chemistry involving a combination of kinetic studies and
structural biology.
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Abstract

The inhibition of acetylcholinesterase (AChE) by organophosphorus compounds (OPs) causes acute toxicity or death of the intoxicated
individual. One group of these compounds, the OP nerve agents, pose an increasing threat in the world due to their possible use in the
battlefield or terrorist acts. Antidotes containing oxime compounds to reactivate the inhibited enzyme are highly valued for treatment
against OP poisoning. One of these reactivators, HI-6, was shown to be significantly more effective in treating soman toxicity than other
oximes, such as 2-PAM, TMB4, and obidoxime. However, HI-6 was less effective in reactivating AChE inhibited by the OP pesticide,
paraoxon. In this study, the mechanism for HI-6-induced reactivation of OP-AChE conjugates was investigated using mouse mutant
ACHhEs inhibited with different OPs including organophosphate paraoxon, and several methylphosphonates. Results indicate that the HI-6
molecule may assume two different orientations in the reactivation of AChE inhibited by organophosphate and Sp methylphosphonates.
These conclusions were further corroborated by reactivation studies using an analog of HI-6 in which the bispyridinium moieties are
linked by a methylene bridge rather than an ether oxygen.
© 2003 Elsevier Science Inc. All rights reserved.

Keywords: Acetylcholinesterase; Reactivation; Organophosphates; HI-6; Oxime

The inhibition of acetylcholinesterase (AChE; E 3.1.1.7) intoxication cases each year. At the present time, available
by organophosphorus compounds (OPs) causes acute antidotes against OP poisoning use oximes, such as 2-
intoxication. Chemical nerve agents pose an increasing PAM, obidoxime, TMB4, and HI-6, to reactivate the
threat in the world due to their possible use in battlefield or inhibited enzyme. Of the nerve agents, soman is the great-
terrorist acts. At the same time, OP pesticides, such as est challenge since both the rapid aging of the soman-
paraoxon and its analogs, are being used throughout the inhibited enzyme (de-alkylation) and the bulkiness of the
world in agriculture causing hundreds of thousands of pinacolyl residue prevent efficient reactivation of the

inhibited enzyme by most oximes. HI-6, an oxime first

*Corresponding author. Tel.: +1-301-319-9089; fax: +1-301-319-9150. synthesized in the early 1970s, was shown to be a very

E-mail address: chunyuan.luo@na.amedd.army.mit (C. Luo). effective antidote in reactivating soman-inhibited AChE.

Abbreviations: AChE, acetylcholinesterase; MoAChE, recombinant But Compared with other Oximes, HI-6 was much less

mouse wild-type acetylcholinesterase; OPs, organophosphorus com-

effective in reactivating paraoxon- or methylparaoxon-
pounds; POX, phosphonyl or phosphoryl oximes; DEPQ, 7-(0,0- EP Y'P

diethylphosphinyloxy)-1-methylquinolinium methyl sulfate; MEPQ, 7- inhibited AChE, making it unsuitable for the treatment
(O-ethyl methylphosphinyloxy)-1-methylquinolinium iodide; iPrMP, iso- of OP pesticide poisoning [1,2]. The mechanism for the
propyl methyl phosphonothiochline; 2-PAM, 2-[hydroxyimino methyl]-1- selectivity of HI-6 in reactivating soman-inhibited enzyme

methylpyridinium chloride; TMB4, 1,1'-trimethylene bis(4-hydroxyimino over paraoxon-inhibited enzyme is not yet known.
methyl) pyridinium dichloride; obidoxime (toxogonin), 1,1'-(oxybis-

methylene)bis[4-(hydroxyimino)methyl] pyridinium dichloride; HI-6, 1- Sevel:al rehcent studies have flemonstrated thf‘: SucceS.SfUI
(2-hydroxyiminomethyl-1-pyridinium)-1-(4-carboxy-aminopyridinium)- use of site-directed mutagenesis to explore the interactions
dimethy! ether hydrochloride. between OP-conjugated AChE and oxime reactivators

0006-2952/$ — see front matter © 2003 Elsevier Science Inc. All rights reserved.
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Fig. 1. Structures of organophosphate, organophosphonates, and oximes used in the study.

{3-6]. However, an important issue in the study of reacti-
vation kinetics is the possibility of phosphoryl oxime
(POX) inhibition of the reactivated enzyme during the
reactivation process that may prevent the accurate deter-
mination of reactivation rate constants [6-8]. In our pre-
vious studies, we demonstrated that of the four oximes, 2-
PAM, TMB4, obidoxime, and HI-6, HI-6 was the only one
that did not show any complications due to POX inhibition
during the reactivation of AChE inhibited by either orga-
nophosphonate (MEPQ) or organophosphate (DEPQ).
Therefore, we conducted reactivation kinetic studies with
HI-6 using mouse wild-type and mutant AChEs inhibited
by different OP compounds, including organophosphate
paraoxon, racemic methylphosphonate MEPQ, Sp enan-
tiomeric iPrMP, and SpSc soman (Fig. 1). The results of
our study highlight some significant differences between
the interactions of HI-6 with organophosphate- and
methylphosphonate-inhibited AChEs during reactivation,
which are also supported by reactivation studies using an
analog of HI-6 that is devoid of the ether chain oxygen.

1. Materials and methods
1.1. Materials

MEPQ and Sp iPrMP were prepared by the method
reported previously [9,10]. HI-6 was obtained from the
Division of Experimental Therapeutics, Walter Reed Army
Institute of Research. HI-6 analog was synthesized by
method deployed in oxime synthesis and the structure
confirmed by proton NMR. Recombinant mouse wild-type
AChE (MoAChE) and mutant enzymes were prepared by
the method previously reported [11,12]. Organophosphate
paraoxon was purchased from Sigma Chemical Co. Bio-
Spin 6 chromatography columns were purchased from Bio-
Rad Laboratories. Other chemicals were from commercial
resources.

1.2. AChE assay

AChHE activity was determined spectrophotometrically
by the method of Ellman et al. [13]. The assay mixture
contained 1 mM acetylthiocholine (ATC; or 30 mM ATC
in the case of W86A mutant AChE) as the substrate and
0.5 mM 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) in
50 mM sodium phosphate buffer, pH 8.0. All measure-
ments were performed at 25°.

1.3. Determination of the reactivation rate constants
of OP-inhibited enzyme by oximes

AChE-OP complexes were prepared by adding greater
than the stoichiometric amount of OP to wild-type or mutant
MoAChEs in a total volume of 100 pL and incubating for
20 min at 25°. Excess OP was removed from the complex
using a Bio-Spin column 6. The enzyme conjugate was then
diluted 10-fold with 0.05% BSA in 50 mM phosphate buffer,
pH 8.0, containing the oxime. The final oxime concentration
in the reactivation mixture ranged from 50 pM to 3 mM. At
specified time intervals, 5-10 pL of reactivation mixture was
withdrawn and diluted into the assay mixture to monitor
change in enzyme activity. The first-order reactivation rate
constant, k.ps, Was determined by fitting the experimental
data to equation for one-phase exponential association:

% (Ereact), — A(l —_ e_kohsxf)

A plot of ky,, vs. [oxime] was used to obtain the second-
order reactivation rate constant as described by Ashani et
al. [3]. Due to the chirality of the phosphorus in MEPQ, the
phosphony! conjugate enzyme consists of two enantiomers
that are reactivated at different rates. The reactivation rate
constants of the two species were calculated using a two-
phase exponential association equation, assuming an equal
distribution of the two species under the condition that a
stoichiometric amount of MEPQ was used for the inhibi-
tion of AChE.
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Fig. 2. Reactivation kinetics of MEPQ-inhibited wild-type MoAChE by
HI-6. (A) Reactivation kinetics of one representative experimental data of
MEPQ-inhibited wild-type MoAChE by HI-6 (0.05 to 0.5 mM); symbols
represent the following concentrations of HI-6: (W) 0.05mM; (A)
0.1 mM; (¢) 0.2 mM; (@) 0.3 mM; (M) 0.5 mM. (B) Secondary plot of
the kg for the fast-reactivation species vs. [HI-6] for the second-order
kinetic constants. (C) Secondary plot of the k,, for the slow-reactivation
species vs. [HI-6].

2. Results

2.1. Reactivation rate constants of OP-inhibited
MoAChE by HI-6

As shown in Fig. 2, the reactivation data for MEPQ-
inhibited wild-type MoAChE using five different HI-6
concentrations fit to the two-phase exponential association
equation well. The secondary plot of kops vs. [HI-6] yields
values of the second-order reactivation rate constants of
2700 and 462 M~ min~"! for the fast- and slow-reactiva-
tion species, respectively. The second-order reactivation
rate constants of wild-type MoAChE inhibited with other
OPs determined using this method showed that these
constants varied considerably depending on the structure
of OP (Table 1). Sp iPrMP- and SpSc soman-inhibited
ACHEs, as well as the fast-reactivation species of MEPQ-
inhibited AChE were reactivated several fold faster than
paraoxon-inhibited AChE and the slow-reactivation spe-
cies of MEPQ-inhibited AChE.

2.2. Effect of mutations on the reactivation of
OP-inhibited MoAChE by HI-6

Mutations of F295 to Leu or F297 to Ile reduced the
reactivation rate of the fast-reactivation species of MEPQ-

Table 1
Second-order rate constants (k, M™' min~") for the reactivation of OP-
inhibited mouse wild-type and mutant AChEs by HI-6

Enzyme MEPQ" SpiPtMP  SpSc Paraoxon
soman”
Wild-type 2700 (fast); 462 (slow) 2650 1751 590
F295L 1263 (fast); NA (slow)  3320° 5420 2.15
F2971 1325 (fast); 1.3 (slow)  2400° 3460 1.47
W86AY 947 (fast); 84 (slow) 3606 5245 22.6
W286A 673 (fast); 105 (slow) 913 732 151
Y124Q 31 (fast); 19 (slow) 74 11.3° 103

Data are mean values of two to four experiments with all reactivation

experiments carried out at 25° in 50 mM PO, buffer, pH 8.0, except where
indicated.

*The reactivation rate constants of MEPQ-inhibited enzymes were
obtained by fitting the kinetic data to the two-component equation [3], and
the maximal reactivation was more than 92% except with F295L, where
only 55-62% reactivation was observed after 50 hr.

b Reactivation was carried out at 25° in 50 mM POy buffer, pH 8.0,
after inhibition in 50 mM Tris buffer, pH 9.5; maximal reactivation is from
86 to 95% except where indicated.

¢ Data cited from Wong et al. [5] where the reactivation rate constants
were determined in 50 mM Tris~HCI buffer, pH 8.0.

4The activity assay for W86A was performed using 30 mM ATC
instead of 1 mM.

€ Data estimated from kg of a single concentration of HI-6 assuming

that it is in the linear range of the saturation curve, maximal reactivation
was 31%.

inhibited enzyme about 2-fold, but the reactivation rates for
the slow-reactivation species were reduced >300-fold for
F2971 AChE or to a negligible reactivation rate for F295L
AChE. The reactivations of both the active anionic site
mutant, W86A, and the peripheral anionic site mutant,
W286A, were only reduced by a factor of 35 for the fast-
and slow-reactivation species of MEPQ-inhibited enzyme.
However, the mutation of another peripheral anionic site
residue, Y124 to Gln, reduced the reactivation rate constant
of the fast-reactivation species by 87-fold, and the slow-
reactivation species by 24-fold. This mutation significantly
reduced the HI-6-induced reactivation rate constants for
both Sp iPrMP-inhibited enzyme (36-fold) and SpSc
soman-inhibited enzyme (155-fold). Also, 1.4- to 3-fold
increases in HI-6-induced reactivations were observed
with Sp iPrMP and SpSc soman-inhibited F295L, F2971,
and W86A with the exception of iPrMP-inhibited F2971,
whose reactivation rate constant decreased slightly com-
pared with wild-type enzyme.

The effects of these mutations on the reactivation rate
constants of paraoxon-inhibited mouse AChEs were quite
different from those inhibited by all the methylphospho-
nates studied. First, the reactivation rate of paraoxon-
inhibited wild-type enzyme by HI-6 was 3- to 5-fold slower
compared with Sp iPrMP- and Sp soman-inhibited AChEs
or the fast-reactivation species of MEPQ-inhibited AChE,
despite the fact that paraoxon-inhibited enzyme could be
reactivated very easily by other bispyridinium oximes such
as LiiH6 {1,2]. Second, the reactivation rate constants of
paraoxon-inhibited F295L and F2971 AChEs displayed
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Table 2
Comparison of the second-order rate constants for the reactivation of OP-
inhibited mouse wild-type AChE by HI-6 and its analog

OPs k, (M~ min~")
HI-6 HI-6 analog
MEPQ
Fast-reactivation species 2700 544
Slow-reactivation species 462 291
Paraoxon 690 668

The second-order reactivation rate constants were determined as
described in Table 1. Data were in k. (M~ Ymin™).

drastic reductions (275- to 400-fold) compared with the
wild-type enzyme, while this was not observed with most
of the methylphosphonate-inhibited AChEs. Third, the
reactivation rate constant of paraoxon-inhibited W86A
AChE by HI-6 was 26-fold lower compared to wild-type
AChE, a phenomenon not observed with any of the
methylphosphonate—enzyme conjugates. Finally, the reac-
tivation rate of paraoxon-inhibited Y124Q AChE by HI-6
showed only a 5-fold reduction instead of the 36- to 155-
fold reductions observed with the Sp methylphosphonate—
enzyme conjugates.

2.3. Comparison of the reactivation kinetics of
MEPQ- and paraoxon-inhibited wild-type mouse
AChEs by HI-6 and its analog

Reactivation studies with mutant enzymes showed that
the HI-6-induced reactivation of AChEs inhibited by Sp
methylphosphonate, but not by organophosphate para-
oxon, displayed a significant dependence on the peripheral

anionic site amino acid, Y124. Computer modeling by
Ashani et al. [3] previously indicated that Y124 might
interact with the ether oxygen through a hydrogen bond to
facilitate the orientation of HI-6 during reactivation of
MEPQ-inhibited AChE. Therefore, we conducted reacti-
vation studies with an HI-6 analog to determine if the
substitution of the ether oxygen by methylene group has
any effect on the reactivation of different AChE-OP con-
jugates. Results in Table 2 show that absence of that
oxygen significantly reduced the reactivation potency of
the oxime for the fast-reactivation species of MEPQ-
inhibited enzyme by 5-fold, but not the stow-reactivation
species or paraoxon-inhibited enzyme.

3. Discussion

Studies on the reactivation of OP-inhibited AChE will
not only enhance our understanding of the reactivation
mechanism, but also help the design for better and more
effective reactivators. Reactivation by oxime compounds is
a process of neucleophillic reaction involving the depro-
tonized negative oxygen of the oxime group to attack the
phosphorus atom of OP moiety in the active center of
AChE, resulting in the departure of AChE from OP-
enzyme conjugate (Fig. 3 depicted the binding relationship
of MEPQ-conjugated AChE and HI-6 molecule). The
search for better reactivator is important for improving
the efficacy of antidotes against OP toxicity. HI-6, a
bispyridinium oxime containing the structural features
of 2-PAM, is a very powerful reactivator of nonaged
soman-inhibited AChE [14]. Results of reactivation studies
using AChE inhibited by MEPQ, a methylphosphonate,

Fig. 3. Stereoview of relationship between MEPQ-inhibited AChE and oxime reactivator HI-6. The stereoview was made using Insight II (version 2000); the
phosphorus atom of MEPQ is marked in pink, the methy! and ethoxy! groups are marked in green, and the oxygen of the oxime group of HI-6 is marked in
red. The deprotonized negative oxygen of the oxime group approaches the phosphorus atom of Sp MEPQ residue in the active center of AChE to initiate
neucleophilic attack, resulting in the departure of OP residue and generation of free enzyme.
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suggested that the enhanced reactivation potency of HI-6 is
due to the interaction of the second pyridinium ring with
the peripheral anionic site of AChE which facilitates the
orientation of HI-6 during reactivation [3]. However, other
oximes containing the second pyridinium structure, such as
obidoxime and TMB4, display very poor reactivation
potencies for AChE inhibited by soman, also a methylpho-
sphonate. Therefore, the mechanism for increased activity
of HI-6 in reactivating soman-inhibited AChE is unclear.

In this study, we used three methylphosphonates with
increasing size of the alkoxy groups, i.e. ethyl, isopropyl,
and pinacolyl, and an organophosphate paraoxon, to form
enzyme—OP conjugates for reactivation by HI-6. Two of
these three methylphophonates (Sp iPrMP and SpSc soman)
were pure Sp enantiomers and expected to yield a single
enzyme—OP species. Since MEPQ is a racemic compound,
it produced equal amounts of two enzyme—OP species that
exhibited different rates of reactivation in the presence of
oximes. According to Ashani et al. {3], the fast-reactivation
species is the one that is formed by the Sp enantiomer of
MEPQ with enzyme, while the slow-reactivation species is
the one formed by the Rp enantiomer. Our studies using Sp
iPtMP and SpSc soman support this contention, since
considerably fast rates of reactivation were observed for
ACHhE inhibited by these two bulkier Sp enantiomers. It is
also interesting to note that increasing the size of the alkoxy
group from ethyl or isopropyl to pinacolyl only slightly
reduced the rate of reactivation by HI-6. This indicates that
steric hindrance caused by the SpSc soman moiety does not
play a significant role in HI-6-induced reactivation. The
W86 located at the choline-binding site may be used by HI-6
in orienting the oxime to attack the OP moiety. However, Sp
iPrMP- and SpSc soman-inhibited W86A AChE promoted
HI-6 reactivation at a rate comparable to that of wild-type
enzyme, indicating that HI-6 does not need the facilitation
of choline-binding site W86 for the nucleophilic attack by
the oxime molecule.

W286 is regarded as the core component of the peripheral
anionic site of AChE and only moderate reductions in the
second-order rate constants were demonstrated in HI-6-
induced reactivations of W286A AChE conjugated with ail
Sp methylphosphonates. However, another periperal site
mutant, Y124Q, produced 36- to 155-fold reductions in the
reactivation rate constants with these three methylphospho-
nates, indicating that Y124 is the residue at the peripheral
site that plays an important role in facilitating HI-6-induced
reactivation of the Sp methylphosphonate—enzyme conju-
gates.

The 5- and 3-fold lower second-order reactivation rate
constants of paraoxon-inhibited AChE compared to those of
Sp iPrMP- and SpSc soman-inhibited AChE, respectively,
are difficult to reconcile on the basis of steric rationale that
ACHE inhibited by a small organophosphate, paraoxon, is
more refractory to HI-6 reactivation than that inhibited by
the bulkier methylphosphonates. Since 2-PAM, TMB4, and
obidoxime are more efficient reactivators of diethylpho-

sphorylated AChE than HI-6 [5,14,15], it is likely that a
factor, other than steric hindrance, is responsible for the
refractoriness of this conjugate towards HI-6 reactivation.
Molecular modeling studies suggest that the orientation of
the OP moiety in the active center is crucial for achieving
fast oxime-induced reactivation of AChE conjugates with
the Sp enantiomers, but not with the Rp enantiomers of
methylphosphonates [5]. Since the structures of both MEPQ
and paraoxon share a common ethoxy group, if the other
ethoxy group of paraoxon can assume an orientation in the
acyl pocket, the reactivation of paraxon-inhibited mutant
enzymes should follow a pattern similar to that of AChE
inhibited by the Sp enantiomer of MEPQ. However, the
reactivation study with HI-6 showed that the pattern of the
reactivation of different mutant enzymes inhibited with
paraoxon is different from all Sp methylphosphonate-inhib-
ited enzymes. This indicates that the slower HI-6 reactiva-
tion rate observed with paraoxon-inhibited enzyme is due to
a different orientation of the OP residue in the active site
gorge compared with the Sp methylphosphonates. This is
also supported by the study with mutant Y124Q, which
demonstrated >36-fold decrease in the reactivation rate
constants with all Sp methylphosphonate—enzyme conju-
gates. Reactivation of paraoxon-inhibited Y 124Q resulted in
a 6-fold decrease in the second-order rate constant, suggest-
ing that the peripheral site of the enzyme is not as important
in the reactivation of paraoxon-inhibited AChE as it is in the
reactivation of methylphosphonate—enzyme conjugates. At
the same time, the choline-binding site mutant, W86A,
reduced the reactivation rate constant of paraoxon-inhibited
enzyme much more significantly than it did with all the Sp
methylphosphonates. This indicates that, unlike the reacti-
vation of Sp methylphosphonate-inhibited AChEs, HI-6
may use the choline-binding site to orient the oxime mole-
cule for nucleophilic attack in the reactivation of paraoxon-
inhibited AChE. Therefore, the results of site-directed
mutagenesis studies suggest that HI-6 may take two different
orientations in the reactivation of AChE inhibited by the Sp
methylphosphonates and organophosphate, paraoxon.

Reactivation of wild-type AChE by HI-6 analog showed
that deletion of the ether oxygen only reduced the reactiva-
tion potency for the fast-reactivation species of MEPQ-
inhibited enzyme, which is the conjugate formed by the Sp
enatiomer of MEPQ. For the slow-reactivation species and
paraoxon-inhibited enzyme, deletion of the ether oxygen
had negligible effect on the reactivation potency of the
oxime. This also supports the hypothesis that HI-6 assumes
different orientations during the reactivation of AChE
inhibited by organophosphate paraoxon and Sp methylpho-
sphonates.
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Aromatic amino-acid residues at the active and peripheral anionic
sites control the binding of E2020 (Aricept®) to cholinesterases
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E2020 (R,S)-1-benzyl-4-](5,6-dimethoxy-1-indanon)-2-yl}-
methyl)piperidine hydrochloride is a piperidine-based ace-
tylcholinesterase (AChE) inhibitor that was approved for
the treatment of Alzheimer’s disease in the United States.
Structure-activity studies of this class of inhibitors have
indicated that both the benzoyl containing functionality and
the N-benzylpiperidine moiety are the key features for
binding and inhibition of AChE. In the present study, the
interaction of E2020 with cholinesterases (ChEs) with
known sequence differences, was examined in more detail by
measuring the inhibition constants with Torpedo AChE,
fetal bovine serum AChE, human butyrylcholinesterase
(BChE), and equine BChE. The basis for particular residues
conferring selectivity was then confirmed by using site-
specific mutants of the implicated residue in two template
enzymes. Differences in the reactivity of E2020 toward
AChE and BChE (200- to 400-fold) show that residues at

the peripheral anionic site such as Asp74(72), Tyr72(70),
Tyr124(121), and Trp286(279) in mammalian AChE may be
important in the binding of E2020 to AChE. Site-directed
mutagenesis studies using mouse AChE showed that these
residues contribute to the stabilization energy for the AChE-
E2020 complex. However, replacement of Ala277(Trp279)
with Trp in human BChE does not affect the binding of
E2020 to BChE. Molecular modeling studies suggest that
E2020 interacts with the active-site and the peripheral ani-
onic site in AChE, but in the case of BChE, as the gorge is
larger, E2020 cannot simultaneously interact at both sites.
The observation that the Kj value for mutant AChE in which
Ala replaced Trp286 is similar to that for wild-type BChE,
further confirms our hypothesis.

Keywords: acetylcholinesterase; butyrylcholinesterase; E2020;
site-directed mutagenesis; molecular modeling.

Alzheimer’s disease (AD) affects approximately 5-15% of
the population of the US over age 65. According to the
cholinergic hypothesis, memory impairments in patients
with this senile dementia disease are due to a selective and
irreversible deficiency in the cholinergic functions in the
brain [1]. There is a selective loss of neurons containing
choline acetyltransferase, the enzyme responsible for the
synthesis of acetylcholine (ACh), resulting in decreased
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levels of ACh in the cortical tissue [2,3]. In a recent study,
Winkler et al. demonstrated that the presence of cerebral
ACh is necessary for cognitive behavior and it can
improve learning deficits and memory loss in rats that
have incurred severe damage to the nucleus basalis of
Meynert [4]. One approach to improving memory and
cognition in patients with AD has been to increase ACh
levels through the use of cholinesterase (ChE) inhibitors
[5]. These agents enhance cholinergic neurotransmission by
inhibiting acetylcholinesterase [AChE (EC 3.1.1.7)}, the
enzyme responsible for the breakdown of ACh. In fact,
clinical studies with reversible ChE inhibitors such as tacrine,
the first available agent for the treatment of AD in the US
and physostigmine, a carbamate-type inhibitor, suggest that
these agents may be able to enhance memory in patients with
AD [6,7], but their clinical value is limited due to their acute
hepatotoxicity, adverse peripheral side-effects, and short
duration of action [5].

In November 1996, E2020 [(R,S)-1-benzyl-4-[(5,6-
dimethoxy-1-indanon)-2-ylimethyl)piperidine  hydrochlo-
ride], a novel AChE inhibitor which is also known as
donepezil and is marketed as Aricept® by Eisai Inc.,
(Teaneck, NJ, USA) was approved by the US Food and
Drug Administration for the treatment of mild-to-moderate
AD in the US [8]. E2020 belongs to the new class
of synthetic AChE inhibitors, which contain an
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Fig. 1. Structures of E2020 and acetylcholine.

N-benzylpiperidine and an indanone moiety and is struc-
turally distinct from other compounds in use or under study
for the treatment of AD. These unique structural features
make E2020 a potent and selective inhibitor of AChE [9].
Due to the structural similarity between E2020 and
acetylcholine (Fig. 1), it was expected to be a competitive
inhibitor of AChE [10]. However, inhibition studies of
electric eel AChE with E2020 showed that it is a mixed
competitive inhibitor of AChE with a K; value of 4.27 nm
[11]. The presence of an asymmetric carbon atom at the 2-
position of the indanone ring yields two enantiomers of
E2020 of which the (R)-form inhibited AChE sixfold more
potently than the (S)-form [12]. As both enantiomers of
E2020 display similar pharmacokinetic profiles in dogs,
racemic E2020 was developed as a potential therapeutic for
the palliative treatment of AD [13]. E2020 is 360- to 1200-
fold less effective as an inhibitor of butyrylcholinesterase
[BChE (EC 3.1.1.8)] compared to AChE, depending on the
source of enzyme [14,15]. On the other hand, inhibitors such
as tacrine and physostigmine, show poor selectivity between
AChE and BChE. Clinical studies have indicated that
inhibition of plasma BChE may result in potentiating
peripheral side-effects [16]. Indeed, in clinical trials, 5 and
10 mg of donepezil hydrochloride administered once daily
was effective for the treatment of mild-to-moderate AD
without causing peripheral adverse effects, laboratory test
abnormalities, or hepatotoxicity [17,18].

Due to the lack of an X-ray crystal structure of AChE
during the design and development of E2020, extensive
quantitative structure-activity relationship (QSAR) and
molecular modeling studies were performed on a series of
indanone-benzylpiperidines synthesized by Eisai. These
studies elucidated the effect of substitutions on the benzyl
and indanone rings of this class of inhibitors on their
inhibition potency [19]. A distinct active molecular shape
for E2020 and its analogs was postulated based on the
X-ray crystal structure, conformational analysis, and
molecular shape comparisons of these molecules [20].
These studies suggested that the similar inhibition potency
of the two enantiomers of E2020 is due to the high degree
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of shape similarity between the two isomers. When the
X-ray crystal structure of Torpedo californica AChE
becamé available, the binding sites of E2020 in AChE
were predicted by docking studies [12,21]. The results of
these studies suggest that both enantiomers of E2020 span
the entire AChE gorge with the possibility of multiple
binding sites for each form. However, in all these models,
the benzyl group interacts with Trp84 at the bottom of
the gorge, the piperidine ring interacts with Tyr70, Asp72,
Tyr121 and Tyr334 in the middle of the gorge, and the
indanone ring interacts with Trp279 at the lip of the
gorge. The calculated modes of binding of E2020 to
acylated AChE are similar to those observed for free
enzyme which is consistent with the observation that
E2020 and its analogs can inhibit acylation as well as
deacylation steps in the enzymatic reaction [12]. The
orientation of E2020 in the active-site gorge of AChE
proposed by molecular modeling studies was also
observed in the three-dimensional structure of the Torpedo
AChEHR)-E2020 complex reported later [22]. The
authors concluded that the aromatic residues at positions
330 and 279 were responsible for the binding and
selectivity of E2020 to AChE.

In the present study, the interaction of E2020 with
mammalian AChE was examined in more detail with three
distinct ChEs with known sequence differences. The basis
for particular residues conferring selectivity was then
confirmed by using site-specific mutants of the implicated
residue in two template enzymes. Differences in the
reactivity of E2020 toward AChE and BChE and a
comparison of Ky values of E2020 for mouse (Mo) AChE
mutants of Trp86(84), Asp74(72), and Trp286(279) [23]
revealed that these residues contribute the most to the
stabilization energy for the AChE-E2020 complex. How-
ever, when the effect of these mutations on the binding of
E2020 were examined using the human (Hu) BChE
template, replacement of Ala277(Trp279) with Trp did not
affect the binding of E2020 to BChE, suggesting that the
orientation of E2020 in the BChE gorge may be different
from that in the AChE gorge. These findings were
confirmed by molecular modeling studies, which enabled
us to propose an orientation for E2020 in the active-site
gorge of AChE and BChE.

Materials and methods

Materials

Acetylthiocholine iodide (ATC), butyrylthiocholine iodide
(BTC), and 5,5-dithiobis(2-nitrobenzoic acid) (DTNB)
were obtained from Sigma Chemical Co. Racemic E2020
obtained from Eisai Co., Tsukuba-shi, Ibaraki, Japan,
was a gift from A. P. Kozikowski (Georgetown Univer-
sity, Washington, DC, USA). Electrophoretically pure
AChE from FBS was purified as described [24], and
BChE from horse serum was purified by affinity chro-
matography using the procedure similar to the one
described for FBS AChE. AChE from Torpedo californica
was a gift from I. Silman (Weizmann Institute, Rehovot,
Israel). One milligram of pure native AChE or BChE
contained approximately 14 and 11 nmol of active sites,
respectively.
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Recombinant wild-type and mutants of Mo AChE were
expressed, purified and characterized with respect to cata-
lytic parameters as described {25]. Recombinant wild-type
and mutants of Hu BChE were expressed in CHO K1 cells
in serum free medium and partially purified on procain-
amide-Sepharose affinity gel as described [26].

Measurement of cholinesterase activity and inhibition

AChE and BChE activities were measured in 50 mm
sodium phosphate, pH 8.0, at 25 °C as described [27] using
ATC and BTC as substrates, respectively. Inhibition of
enzyme activity was measured in 50 mm sodium phosphate,
pH 8.0, over a substrate concentration range of 0.01-
30 mM and at least six inhibitor concentrations to determine
the components of competitive and noncompetitive inhibi-
tion. For each enzyme, the measurements were repeated at
least three times to obtain the values of the inhibition
constants.

Analysis of catalytic parameters

The catalytic parameters of wild-type and mutant AChE
and BChE were compared by measuring catalysis as a
function of ATC or BTC concentration. The interaction of
substrate (S) with enzyme (E) can be described more
appropriately by the following general scheme, where the
substrate binds to two discrete sites on the enzyme molecule
forming two binary complexes, ES and SE [28]:

kCat
E+SSES—-E+P
+ +
S S
Kt Kt
bkcar

SE+ S S SES »SE + P

Scheme I

In this scheme, K represents the binding of a second
substrate molecule to the binary enzyme-substrate com-
plexes and b reflects the efficiency of hydrolysis of the
ternary complex, SES, as compared to the binary
complex, ES. Scheme 1 is described by the following

equation:
- (T (Fem) 0

where, K., is the Michaelis-Menten constant, v is the
initial velocity, and V.« is the maximal velocity. The
values for Ky, Viax, Kss and b were determined by
nonlinear least square analysis of the data.

Analysis of inhibition data

The interaction of an inhibitor (I) with an enzyme (E) can be
described by the following scheme:
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kcat
E+SSES—-E+P
+ +
I 1
Kt ok
K
El+ S S ESI
Scheme 11

where ES is the enzyme-substrate complex and P is the
product. K; and aK; are the inhibition constants reflecting
the interaction of inhibitor with the free enzyme and the
enzyme-substrate complex, respectively. Plots of initial
velocities vs. substrate concentrations at a series of inhibitor
concentrations were analyzed by nonlinear least squares
methods to determine the values of K, and V., as
described above (Fig. 2). The dependence of Vi../K, and
Vinax o1 [1] is given by:

(Vmax/Km)KI> (2)

Vmax/Km = ( K; + [I]

Non-linear regression analysis of the plots of Vax/Km
and V., values vs. E2020 concentrations were used for
the determination of Kj and aKj values, respectively [29].

Molecular modeling

Molecular modeling was carried out on a Silicon Graphics
Octane workstation using the molecular simulation soft-
ware INSIGHT 11. The coordinates of Mo AChE—<(R)-E2020
complex were generated using the crystal structure coordi-
nates from the Protein Data Bank. The X-ray crystal
structure of Torpedo californica AChE-E2020 complex
(PDB code leve [22]); was superimposed on the X-ray
crystal structure of Mo AChE (PDB code 1mah [30]). The
root-mean-square deviation (rmsd) between the C, atoms of
the two structures is 0.87 A. The coordinates of the ligand,
E2020, were transferred to Mo AChE to form the initial
model of the Mo AChE~E2020 complex. Visual inspection
of this model showed that Tyr337 was making unfavorable
van der Waals contacts with E2020. The side chain torsion
angles of Tyr337 were rotated to relieve the unfavorable
contacts. Energy minimization was performed on this
complex using the piscovir cff91 force field (Accelrys,
Inc., San Diego, CA, USA) with a distance dependent
dielectric constant for the electrostatic interactions. Mole-
cular dynamics simulation (at 300 K) was performed on
the minimum energy complex for 20 ps and the resulting
complex was energy minimized to obtain the final Mo
AChE-E2020 complex. In all our calculations, the coordi-
nates of the residues of the protein lying outside a sphere of
25 A diameter centered around E2020 were kept fixed.
The coordinates of the Hu BChE-E2020 complex were
generated using the reported homology model (PDB code
leho [31]), and the crystal structure of Torpedo californica
AChE-E2020 complex (PDB code leve [22]). The rms
deviation between the C, atoms of the homology model of
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Fig. 2. Representative analysis of the inhibition of recombinant mouse acetylcholinesterase by £2020. The inhibition of wild-type Mo AChE is shown.
Plots of initial velocities vs. substrate concentrations at a series of E2020 concentrations were analyzed by nonlinear least squares methods to
determine the values of K, and ¥V}, as described in Materials and methods. To the right are plots showing Vyp.x/K and ¥y values as a function
of E2020 concentration. Non-linear regression analyses of the plots were used for the determination of K; and aK; values, respectively [29]. (M),
Enzyme control; (A), 0.29 nm E2020; (), 0.58 nm E2020; (), 1 nm E2020; (@), 2.32 nm E2020; ((), 5.28 nm E2020; (A), 28 nm E2020.

Hu BChE and the X-ray crystal structure of AChE-E2020
is 0.96 A. After visual inspection of the complex, the side
chain torsion angles of Tyr332 were rotated to relieve the
unfavorable van der Waals contacts with E2020. Energy
minimization and molecular dynamics simulation (at
300 K) for 20 ps followed by a final energy minimization
were performed as described for the Mo AChE-E2020
complex.

The models for the single mutant Y337A and the triple
mutant Y72(70)N/Y 124(121)Q/W286(279)R of Mo AChE~
E2020 were generated using the final energy minimized
structure of Mo AChE-E2020 complex. The conformations
of the side chains of the mutated residues were generated
using the Biopolymer module in msigaT II. The mutant
complexes were subjected to energy minimization, mole-
cular dynamics simulation for 20 ps, and energy minimiza-
tion as before. The lowest energy structures were examined
to elucidate the effect of mutations in the active-site residues
on the binding of E2020 to AChE. The model for the triple
mutant N68(Y70)Y/QII9(YI21)Y/A2TT(W279)W of Hu
BChE-E2020 complex was generated as described above.
The coordinates for the various molecular models of Mo
AChE-E2020 and Hu BChE-E2020 complexes can be
requested from the Correspondence.

Results

Inhibition of cholinesterases by E2020

Inhibition studies with FBS AChE, Mo AChE, and
Torpedo AChE showed that E2020 is a potent inhibitor of
AChE with Kj values of ~ 3 nm (Table 1). These values are
consistent with a Ky value of 4.27 nM reported for electric eel
ACHhE [11}, and ICs, values of 5.7 nm and 8 nM for AChEs
from rat brain [15] and human erythrocytes [14], respect-
ively. The Kj values reported in Table 1 also show that
E2020 is a 200- to 400-fold less potent inhibitor of equine
and Hu BChE with Kj values of 0.64 pm and 1.11 pmM,
respectively. Previous studies reported ICsy values of

Table 1. Dissociation constants for the inhibition of cholinesterases by
E2020.

Enzyme K (um) oKy (um) AAG®
Mo AChE 0.0022 + 0.0007 0.023 + 0.008 0
FBS AChE 0.0029 = 0.0002 0.017 + 0.003 0
Torpedo AChE 0.0031 = 0.001 0.004 + 0.001 0

Hu BChE 1.11 + 0.29 3.33 + 0.66 35
Equine BChE 0.64 = 0.28 1.97 £ 0.51 3.2

# K; values determined from nonlinear regression analysis of V vs.
[S] plots at various E2020 concentrations [29]. The values are
average of at least three determinations. ® Calculated according to
the formula AAGgchg.ache = RTInK'y/K;, where K’y and Ky and are
the dissociation constants for BChE and AChE, respectively [28].

0.29 pum and 7.1 pm for BChEs from equine [14] and rat
plasma [15], respectively. Differences in the reactivity of
E2020 toward AChE and BChE suggest that the aromatic
residues lining the AChE gorge are responsible for the
binding and selectivity of E2020 to AChE.

Inhibition of mouse acetylcholinesterase mutants
by E2020

Six of 14 bulky aromatic residues at positions 72(70),
124(121), 286(279), 295(288), 297(290) and 337(330) in
ACHE are replaced by nonaromatic residues in BChE [32].
To delineate the relative contributions of these residues to
the binding of E2020, we analyzed single and triple mutants
of Mo AChE for their activity toward E2020, and estimated
the binding forces by partitioning the free energy of binding
(Table 2). As shown in Table 2 and consistent with previous
studies with electric eel AChE [11], E2020 is a mixed-type of
inhibitor of wild-type Mo AChE, with a K value of 2.2 nm.
The inhibitory activity of E2020 toward Mo AChE was
affected predominantly by replacement of the anionic
subsite residue Trp86, and the peripheral anionic site
residues, Asp74 and Trp286. Trp86 (Trp82 in BChE) and
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Table 2. Dissociation constants and free energy differences for the
inhibition of mutant mouse acetylcholinesterases by £2020.

Enzyme K (um) oKy (um) AAG®
Wild-type 0.0022 + 0.0007 0.023 + 0.008 0
Hydrophobic pocket
WS86A 0.69 £ 0.11 14 £ 0.5 34
Y337F 0.0005 + 0.00003 0.0004 + 0.0001 -0.9
Y337A 0.0004 + 0.00005  0.003 + 0.0002 -1.0
Acyl pocket
F295L 0.027 £ 0.005 0.04 + 0.009 1.5
F2971 0.07 £ 0.02 - 2.1
Peripheral anionic site
Y72N 0.02 + 0.002 0.05 + 0.008 1.3
D74N 51 +£07 15.7 £7.5 4.6
Y124Q 0.02 + 0.004 0.05 £ 0.007 1.3
W286A 32 + 05 48 + 03 4.4
Y72N/Y 124N/ 87 + 0.3 150 + 14 4.8
W286R

* Ky values determined by nonlinear regression analysis of V vs. [S]
plots at various E2020 concentrations [29]. The values are average
of at least three determinations. °® Calculated according to the
formula AAG = RTInK"/K], where K’} and K; and are the disso-
ciation constants for mutant and wild-type Mo AChE, respectively
[28].

Asp74 (Asp70 in BChE) are present in both AChE and
BChE and Trp286 is replaced by Ala277 in BChE.

The two aromatic residues that are part of the choline
binding pocket of mammalian AChE are Trp86(84) and
Tyr337(Phe330). Substitution of Trp86 by Ala resulted in a
300-fold increase in Kj value compared to wild-type AChE
corresponding to a loss of 3.4 kcal of stabilization energy
(Table 1). This finding is consistent with a 7= interaction
between the phenyl ring of E2020 and Trp86 of AChE
observed in the X-ray crystal structure of the Torpedo
AChE-E2020 complex [22]. However, the effect of Tyr337
mutation on the binding of E2020 to Mo AChE was
different from that predicted by these studies. The mutation
of Tyr337 to Phe or Ala in Mo AChE resulted in a gain of
binding energy suggesting that the bulky Tyr residue was
sterically hindering the binding of E2020 to AChE.

The two Phe residues at positions 295(288) and 297(290),
which define the dimensions of the acyl pocket of mamma-
lian AChE also appear to interact with E2020. Although
replacement of Phe at either position by a nonaromatic
residue reduced the binding of E2020 to mutant enzymes, a
larger effect was observed for the F2971 mutant AChE
(Table 2). These data suggest that the two aromatic residues
might act as primers in positioning the substituted aromatic
ring of E2020. Also, E2020 is a competitive inhibitor of
F2971 Mo AChE, suggesting that the mutation of F2971
completely destroys the interaction of E2020 at the peri-
pheral anionic site of mutant AChE.

A comparison of Kj values of E2020 for mutants of
Asp74, Tyr72, Tyr124, and Trp286, located in the peripheral
anionic site of AChE show that these residues contribute to
the stabilization energy for the AChE-E2020 complex. The
elimination of charge in D74N and replacement of the
aromatic amino-acid residue by a nonaromatic residue in
W286A caused 2300-fold and 1400-fold increases in Kj

Cholinesterase-E2020 interactions (Eur. J. Biochem. 270) 4451

values of E2020 for mutant AChEs, respectively. As the
individual contributions of Tyr72, Tyr124, and Trp286 to
the binding energy do not add up, these residues probably
cooperate with each other in the stabilization of the E2020-
AChE complex, i.e. they are not independent. The mutation
of Tyr72 to Asn or Tyr124 to Gln eliminates 1.3 kcal of
stabilization energy while the mutation of Trp286 to Ala
removes 4.4 kcal. These results are consistent with the
observed interaction of the indanone ring of E2020 with the
residues at the peripheral anionic site in the X-ray crystal
structure of the Torpedo AChE-E2020 complex [22].
Mutation of all three residues yields an enzyme with a
greater difference in E2020 affinity than that observed
between AChE and BChE. These results suggest that the
orientation of E2020 in the BChE gorge may be different
from that in the AChE gorge and different residues may be
contributing to the stabilization energy of the BChE-E2020
complex.

Inhibition of Human butyrylcholinesterase mutants
by E2020

To ascertain the role of aromatic residues in the peripheral
anionic site of BChE in the binding of E2020, we conducted
site-directed mutagenesis studies with Hu BChE mutants in
which the nonaromatic residues were replaced with aroma-
tic residues at these positions. Consistent with observations
made with equine and Hu BChE, E2020 showed mixed-type
of inhibition with recombinant wild-type Hu BChE with a
K; value of =2 pm (Table 3). Unlike the choline binding
pocket of AChE which is defined by aromatic residues at
positions 84 and 330, the choline binding pocket of
mammalian BChE has Trp82(84) and Ala328(Phe330). As
in AChE, substitution of Trp82 by Ala also resulted in a
50-fold increase in Kj value of E2020 compared to wild-type
BChE. Although this effect is less dramatic than the
300-fold increase observed in Mo AChE, it is consistent
with a m—r interaction between the phenyl ring of E2020

Table 3. Dissociation constants for the inhibition of mutant human
butyrylcholinesterases by E2020.

Enzyme K; (um) aKy (um)
Wild-type 23+ 1.0 20 + 0.6
Hydrophobic pocket

WS2A >120° -°

A328F 22.8 £ 7.8 259 + 123
A328Y 39 £ 09 453 £ 10.3
Acyl pocket

V288F 3.5 £ 07 6.6 £ 0.3
Peripheral anionic site

D70G >30° : =

Q119Y 129 £ 0.5 -

A27TW 24 + 0.5 0.7 £ 0.3
Q119Y/V288F/A328Y 0.8 + 0.3 -
N68Y/QUI9Y/A27TW - 12 £ 04

# K; values determined by nonlinear regression analysis of V vs. [S]
plots at various E2020 concentrations [29]. The valucs are average
of at least three determinations. ® No inhibition at up to 120 M.
¢ No inhibition at up to 30 pm.
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and Trp82 of BChE proposed for AChE. The mutation of
Ala328 to an aromatic residue has either 2 minor decrease
or no effect on the binding of E2020 to mutant BChE. This
result is different from that obtained with Mo AChE
mutants, which showed that the bulky Tyr337 residue
sterically hindered the binding of E2020 to AChE, and
suggests that the orientation of E2020 in the AChE gorge is
different from that in the BChE gorge. The replacement of
Val288(Phe290) in the acyl pocket of Hu BChE by Phe had
no effect on the binding of E2020 to mutant enzyme.

The residues, Asp70(72), Asn68(Tyr70), Gint19(Tyr121),
and Ala277(Trp279) in BChE, correspond to the residues in
the peripheral anionic site of AChE. As the residues at
positions 68, 119 and 277 are nonaromatic, Asp70 is the
main component of the peripheral anionic site of BChE [33].
These residues have been implicated in the binding of E2020
to AChE. If the decreased binding of E2020 to BChE is due
to the absence of aromatic residues at positions 68, 119, and
271, then replacement of these residues by aromatic residues
should improve the binding of E2020 to mutant BChEs.
The elimination of charge in D70G caused a greater than
15-fold increase in the K value of E2020 for mutant BChE,
suggesting that, as in AChE, this residue is involved in the
binding of E2020 to BChE. Replacement of nonaromatic
residues at positions 119 or 277 by Tyr and Trp, respect-
ively, did not improve the binding of E2020 to BChE. The
Hu BChE analog of wild-type Mo AChE is the triple
mutant N68Y/Q119Y/A277W and E2020 is an uncompeti-
tive inhibitor of this mutant BChE, with an oK} value of
1.2 um (Table 3). These results are consistent with the
observed interaction of the indanone ring of E2020 with the
residues at the peripheral anionic site of AChE. However it
appears that for this interaction at the peripheral site to
occur in BChE, the interaction of the phenyl ring of E2020
at the active-site has to be compromised. These results
suggest that the larger dimension of the BChE gorge and the
lack of aromatic residues in the peripheral anionic site of
BChE may be contributing to the poor binding of E2020 to
BChE. To further support the results of kinetic studies,
molecular modeling experiments were performed on the
AChE/BChE~E2020 complexes.

Energy-minimized structures of E2020 bound
to cholinesterases

The X-ray crystal structures of Mo AChE [30] and Torpedo
californica AChE-E2020 complex [22] and the homology
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based model for Hu BChE [31] were used to generate
models of ChE-E2020 complexes to interpret our kinetic
data. As shown in Table 4, the rmsd for the C, atoms of
various ChEs in the native state and as E2020 complexes
range from 025 to 0.96, suggesting that the enzyme
backbone does not undergo significant conformational
changes upon complex formation. Figure 3A shows the
interaction of E2020 with various amino-acid residues at the
active and the peripheral anionic sites of Mo AChE.
Consistent with site-directed mutagenesis data, the follow-
ing energetically favorable interactions of E2020 with the
enzyme molecule were identified: (a) a strong 7 inter-
action between the phenyl group of E2020 and Trp86 of
AChE, which are parallel to each other; (b) an electrostatic
interaction between the positively charged ammonium
group of E2020 and the y-oxygen of Asp74 which are
separated by a distance of 54 A; (¢) a m—m interaction
between the indanone ring of E2020 and Trp286 in the
peripheral anionic site of AChE; (d) Tyr72 and Tyr124 may
be hydrogen bonding with the methoxy oxygen of E2020 or
they might be responsible for sterically positioning the
substituted phenyl ring of E2020 for optimum n—r inter-
action with Trp286 and (¢) Phe295 and Phe297 are in close
proximity of the substituted aromatic ring of E2020 and
might act as primers in positioning the ring for maximum
interaction with Trp86.

Site-directed mutagenesis studies with Y337F and
Y337A Mo AChE indicate that this Tyr destabilizes the
binding of E2020 to AChE. A close examination of the Mo
AChE-E2020 structure shown in Fig. 3A indicates that
Tyr337, Tyr341 and Asp74 are involved in a network of
hydrogen bonds, which undermines the electrostatic inter-
action between Asp74 and the ammonium group of E2020.
Consequently, the mutation of Tyr337 to Phe or Ala
(Fig. 3B), obviates the hydrogen bond between Asp74 and
Tyr341, strengthening the ionic interaction between Asp74
of AChE and the ammonium group of E2020. Investigation
of the Y337A Mo AChE-E2020 complex also reveals that
the 10% increase in size of the active-site gorge caused by
this mutation [34] allows a more favorable n—m interaction in
which the indanone ring of E2020 is sandwiched between
Trp286 and Tyr341 of AChE.

To further confirm the role played by the peripheral
anionic site in stabilizing the E2020-AChE complex, the
three peripheral anionic site residues in the enzyme were
mutated to yield a triple mutant of Mo AChE Y72N/
Y124Q/W286R, which is homologous to wild-type Mo

Table 4. Root mean square deviations (in A) in the C, positions of various cholinesterase structures.

Torpedo AChE-E2020° Mo AChE-fasciculin®  Fig. 3A®  Fig. 3B®  Fig. 3C> Hu BChE®  Fig. 4A°
Mo AChE-fasciculin =~ 0.87
Fig. 3A 0.89 0.42
Fig. 3B 0.91 0.44 0.45
Fig. 3C 0.91 0.45 0.26 0.38
Hu BChE 0.96 0.89 0.64 0.71 0.61
Fig. 4A 0.93 0.81 0.57 0.59 0.54 0.51
Fig. 4B 0.95 0.82 0.69 0.72 0.44 0.53 0.25

3 The crystal structures were obtained from Protein Data Bank [22,30]. ®* Mo AChE-E2020 and Hu BChE-E2020 models described in this

study. ¢ Homology based model {31].
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Fig. 3. Stereoview of E2020 modeled into the active-site gorge of Mouse AChE. Amino-acid residues within 5 A of the E2020 molecule in the active-
site gorge of (A) wild-type Mo AChE; (B) Y337A Mo AChE; and (C) Y72N/Y124Q/W286R Mo AChE are shown.
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Fig. 4. Stereoview of E2020 modeled into the active-site gorge of Human BChE. Amino-acid residues within 5 A of the E2020 molecule in the active-
site gorge of (A) wild-type Hu BChE and (B) N68Y/Q119Y/A277W Hu BChE are shown. The complex of E2020 with Hu BChE (A) shows the
following major interactions which are supported by site-directed mutagenesis studies: (a) the n—r interaction of the phenyl ring of E2020 with W82
of BChE; (b) a strong electrostatic interaction between the charged ammonium nitrogen of E2020 and the y-oxygen of D70(72) of BChE. These two
interactions were also observed in the Mo AChE-E2020 complex. The structure of triple mutant Hu BChE-E2020 complex (Panel B) shows that
because the BChE gorge is significantly larger than the AChE gorge, E2020 cannot simultaneously interact with W82 in the active-site and W277 in

the peripheral anionic site of mutant BChE.

BChE. The resulting complex was minimized and molecular
dynamic calculations were performed to optimize the
interactions in the complex. As shown in Fig. 3C, this
complex has no obvious interactions with the indanone ring
of E2020.

Figure 4A shows the complex of E2020 with Hu BChE.
The following major interactions supported by site-directed
mutagenesis studies were noted in this structure: (a) the ©—x
interaction of the phenyl ring of E2020 with Trp82 of BChE;
(b) a strong electrostatic interaction between the charged
ammonium nitrogen of E2020 and the y-oxygen of Asp70 of

BChE which are separated by a distance of 5.6 A. These
two interactions were also observed in the AChE-E2020
complex. However, there were no interactions of E2020 at
the peripheral anionic site of BChE, as the aromatic residues
Tyr72(70), Tyr124(121) and Trp286(279) present in AChE
are replaced by nonaromatic residues in BChE.

The N68(70)Y/Q119(121)Y/A277(279)W triple mutant
was constructed in an effort to build a peripheral anionic site
in BChE similar to AChE. Figure 4B shows the structure of
the triple mutant Hu BChE-E2020 complex. As the BChE
gorge is significantly larger than the AChE gorge, E2020
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cannot simultaneously interact with Trp82 in the active-site
and Trp277 in the peripheral anionic site of mutant BChE.
Thus, in the triple mutant, E2020 can involve in a mx
interaction either with Trp82 in the active site or with
Trp277 in the peripheral anionic site.

Discussion

E2020 is a potent and selective inhibitor of AChE whose
superior inhibition characteristics, minimal side-effects,
and fast pharmacokinetics, may prove useful not only
for the treatment of AD and other nervous system related
dementias, but also for prophylaxis against organophos-
phate toxicity. Efforts aimed at understanding the inter-
action of E2020 with AChE include docking of E2020 into
the active-site gorge of Torpedo AChE [12] and determin-
ation of the X-ray crystal structure of the Torpedo AChE~
E2020 complex [22]. Previous studies suggest that the
rigid solid state structures of enzyme-inhibitor complexes
revealed by X-ray crystallography may not always reflect
the dynamics of enzyme-inhibitor interactions in solution
[34-36). Therefore, we conducted site-directed mutagenesis
and molecular modeling studies simultaneousty with Mo
AChE and Hu BChE, to get more insight into the binding
specificity of E2020 for AChE and its decreased activity
toward BChE. .

Site-directed mutagenesis and molecular modeling studies
with Mo AChE demonstrated that residues at the anionic
subsite such as Trp86(84) and Tyr337(Phe330), the acyl
pocket such as Phe295(288) and Phe297(290), and the
peripheral anionic site such as Asp74(72), Tyr72(70),
Tyr124(121), and Trp286(279) contribute to the binding of
E2020 to AChE. Asp74 and Trp86 are present in both
AChE and BChE, and the mutation of Trp86 (Trp82 in
BChE) to a nonaromatic residue has a dramatic effect on
the binding of E2020 to AChE and BChE. This is due to the
elimination of a strong n—7 interaction between the phenyl
group of E2020 and the indole ring of Trp86. The strong
electrostatic interaction between the positively charged
piperidine of E2020 and the negatively charged carboxylate
of Asp74 is also important for the stability of the AChE~
E2020 complex. Most surprising was the effect of mutation
of Tyr337 to Phe or Ala in Mo AChE, which results in a
gain of binding energy suggesting that the bulky Tyr residue
sterically hinders the binding of E2020 to AChE. This is also
evident in the molecular model of Y337A Mo AChE-E2020
complex, which shows that there are two reasons for the
mcrease in binding of E2020 to mutant AChE: (a) the
mutation of Tyr337 to Ala weakens the hydrogen bond
between Tyr341 and Asp74, making the electrostatic
interaction between Asp74 and E2020 stronger; (b) the
mutation increases the dimensions of the active-site gorge,
allowing a more favorable m—m interaction between the
indanone ring of E2020 with Tyr341. Previous studies
indicated that Tyr337 is the most flexible residue in the
active-site gorge of AChE [34]. Tt appears to stabilize the
binding of ligands such as huperzine A, edrophonium,
acridines and one end of bisquaternary compounds such as
BW284C51 and decamethonium [28,34,35] and destabilizes

the binding of phenothiazines such as ethopropazine due to

steric hindrance between the diethylamino-2-isopropyl
moiety with the aromatic side chain of Y337 [28].
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The roles of the two aromatic residues in the acyl pocket,
Phe295 and Phe297 in the binding of E2020 are not
immediately apparent. These two residues are in close
proximity to the substituted aromatic ring of E2020 and
might act as primers in positioning the ring for maximum
interaction of the indanone ring with Trp286. The F2971
Mo AChE-E2020 complex shows that there is enough
room for the indanone ring to move, which can weaken its
interaction with Trp286 of AChE. The role of Phe297 in
promoting the binding of E2020 to the peripheral anionic
site can be validated by the observation that the mutation of
Phe297 to Hle completely destroys the interaction of E2020
at the peripheral anionic site making it a competitive
inhibitor of AChE.

The contributions of the three aromatic residues
Tyr72(70), Tyr124(121) and Trp286(279), located at the
peripheral anionic site to the stabilization of the E2020-
AChE complex, were also confirmed by site-directed
mutagenesis studies. These residues are conserved in AChEs
and have been shown to contribute to the stabilization of
‘peripheral’ site inhibitor complexes [28,37]. Mutation of
Trp286 to a nonaromatic amino-acid residue as in BChE,
results in a dramatic decrease in the affinity of E2020 for the
mutant enzyme. This is due to the loss of the n— interaction
between the indanone ring of E2020 and the indole ring of
Trp286. Similarly, Y72N and Y124Q mutant Mo AChEs
had lower affinities for E2020 compared to wild-type
enzyme. Replacement of all three aromatic residues in the
peripheral anionic site with nonaromatic residues (as in
BChE) resulted in the triple mutant Y72N/Y 124Q/W286R
AChE, which shows a much reduced affinity for E2020.
This result is supported by the molecular model of triple
mutant-E2020 complex, which does not show any inter-
actions with the indanone ring of E2020.

The results of site-directed mutagenesis and molecular
modeling studies with Mo AChE were further confirmed
by conducting similar studies with Hu BChE. The n—n
interaction of the phenyl ring of E2020 with Trp82 and a
strong electrostatic interaction beétween the positively
charged ammonium nitrogen of E2020 and the y-oxygen
of Asp70 were preserved in the model of Hu BChE-E2020
complex and confirmed by site-specific mutagenesis studies.
However, there were no interactions of the indanone ring of
E2020 at the peripheral anionic site of BChE. This is
because the aromatic residues in the peripheral anionic site
of AChE, which stabilize the E2020-AChE complex
through m—m interactions, are replaced by nonaromatic resi-
dues, Asn68(Tyr70), Glnl19(TyrI21), and Ala277(Trp279)
in BChE. Replacement of nonaromatic residues at positions
119 or 277 by Tyr and Trp in Hu BChE, respectively, does
not improve the binding of E2020. In fact, E2020 is an
uncompetitive inhibitor of the triple mutant, N68Y/Q119Y/
A277W of Hu BChE. This result is supported by the model
of N68Y/Q119Y/A277W Hu BChE-E2020, which shows
that E2020 cannot simultaneously interact with Trp82 in the
active-site and Trp277 in the peripheral anionic site.

To further examine the role of the dimension and the
microenvironment of the gorge in determining the selectivity
of E2020 for ChEs, the molecular models of Mo AChE-
E2020 and Hu BChE-E2020 complexes were overlaid
according to their C,, positions (Fig. 5). The deviation in the
Cy rmsd values for these complexes is 0.89, suggesting a
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Fig. 5. Overlay of Mo AChE-E2020 and Hu BChE~E2020 complexes,
The orientations of E2020 (ball-and-stick representation) in the active-
site gorge of Mo AChE (magenta) and Hu BChE (green) are shown.

close resemblance between the two complexes. Inspection of
this figure allows the comparison of the orientation of
E2020 in the two gorges and also shows that the poor
binding of E2020 to Hu BChE is due to the absence of
aromatic residues at the peripheral anionic site and the
larger dimensions of the gorge. These results are in
agreement with a previous study which showed that the
volume of the BChE gorge is 200 A> larger than that of
the AChE gorge which may allow the positioning of
inhibitors in alternate configurations [34]. The importance
of gorge dimensions in accommodating bulky inhibitors
was also seen in the binding of propidium, decamethonium,
tacrine and ethopropazine. The phenyl and the indanone
rings in E2020 are ideally spaced to allow their simultaneous
interaction with the active-site and the peripheral anionic
site in the narrow gorge of AChE, respectively. The weaker
binding of E2020 to BChE is due to the lack of an aromatic
residue at position 277, which corresponds to Trp286 in Mo
ACHhE as well as the larger dimension of the BChE gorge.
This conclusion is supported by two observations: (a) the K
value for wild-type Hu BChE is close to the K; value for the
W286A Mo AChE and (b) the K; value of E2020 for the
peripheral anionic site construct of Hu BChE is similar to
that for wild-type Hu BChE. Although this mutant BChE is
analogous to AChE, inhibition was uncompetitive suggest-
ing that E2020 was interacting only at the peripheral anionic
site of the mutant enzyme. As the active-site gorge of BChE
is larger than that of AChE, and the distance between the
indanone and the phenyl ring of E2020 is shorter than the
distance between the active-site and the peripheral anionic
site, E2020 can either bind at the active site or at the
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peripheral anionic site. The observed dependence of the
inhibitory potency of a series of N-benzylpiperidine benzis-
oxazoles on the length of the spacer that connects the
piperidine to the benzisoxazole group [15] further supports
our conclusion.

The results presented here are for the most part in
agreement with docking studies [12] and the X-ray crystal
structure of the Torpedo AChE-E2020 complex [22],
which show major 7 interactions between the indanone
ring of E2020 and Trp279 of AChE at the peripheral
anionic-site and between the benzyl ring of E2020 and
Trp84 of AChE at the bottom of the gorge. However, two
of the conclusions drawn from the crystallographic studies
cannot be reconciled with kinetic studies conducted in
solution. First, although racemic E2020 was used for
soaking Torpedo AChE crystals, only (R)-E2020 was
detected in the X-ray crystal structure of Torpedo AChE~
E2020 complex. This result is in disagreement with
pharmacological studies with the (R) and (S) enantiomers
of E2020 which show that both forms display similar
binding affinities toward AChE ([12). The authors
explained this result on the basis of AChE-induced S-to-
R tautomerization of E2020, which appears less likely in
view of the fact that the halflife of racemization in
solution is 77.7h at 37°C [13]. A more plausible
explanation for this observation is that a high degree of
shape similarity suggested by the X-ray crystal structure,
conformational analysis, and molecular shape compari-
sons of the two enantiomers of E2020 [10], may have
precluded a distinction between the crystal structures of
Torpedo AChE-(R) E2020 and Torpedo AChE-(S) E2020
complexes. Second, based on the X-ray crystal structure
of the Torpedo AChE-(R) E2020 complex, the authors
concluded that interactions of E2020 with the aromatic
residues at positions 330 and 279 were responsible for the
binding and selectivity of E2020 for AChE. However, our
pharmacokinetic data with Mo AChE Tyr337 mutants
and Hu BChE Ala328 mutants show that the residue at
position 330 destabilizes the binding of E2020 to AChE.
This discrepancy in the results of kinetic studies and the
X-ray crystal structure regarding the role of Phe330 in the
binding and selectivity of inhibitors to AChE, is not
unique to E2020 and was noted for huperzine A and
tacrine also [34]. These studies suggest that the rigid solid
state structures of enzyme-inhibitor complexes may not
always reflect the dynamics of enzyme-inhibitor inter-
actions in solution.
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Abstract

Among the large variety of reversible inhibitors that bind to cholinesterases (ChE), only a few exhibit exquisitely strong binding
reflected in low femtomolar to picomolar equilibrium dissociation constants. These tight binding inhibitors owe their high affinity
to distinctive modes of interaction with the enzyme: naturally occurring snake toxins, the fasciculins, share a large 1000 A? com-
plementary surface for its complex with acetylcholinesterases (AChE; EC 3.1.1.7); transition state analogs trifluoroacetophenones
form a covalent bond with the active serine; disubstituted 1,2,3-triazole inhibitors formed in situ are selected by AChE for opti-
mal interaction surface over the length of the active center gorge. All these inhibitors bind with higher affinity to AChEs than to
the closely related butyrylcholinesterases (BuChE; EC 3.1.1.8). Selectivity of individual inhibitors towards BuChE increases with
increasing their molecular size. Interaction kinetics for all three classes of compounds reveal very slow rates of dissociation of the
AChE-inhibitor complexes or conjugates combined with very fast association rates. The influence of conformational flexibility of
the active center gorge on the affinity of inhibitor binding was demonstrated by comparing binding properties of a series of disub-
stituted 1,2,3-triazoles having systematically varied structures. Analysis of the linear free energy relationships of binding to both
mouse and Electrophorus AChE reveals independent contributions of individual structural elements of inhibitors to their binding
with the triazole ring emerging as an independently contributing pharmacophore. These tight binding inhibitor interactions reveal
useful information not only on the conformational flexibility of ChEs, but also on the diversity of modes of interaction that achieve
inhibition.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Acetylcholinesterase; Click chemistry; Conformational flexibility; Fasciculin; Femtomolar inhibitors; Interaction kinetics; Reversible
inhibition; Tight binding; Triazole inhibitors; Trifluoroacetophenone

1. Introduction group size such as butyrylcholine or benzoylcholine.
Discrete structural differences allow BuChE to accom-
modate bulky ligands, including the covalent inhibitors
iSoOOMPA and bambuterol, and the reversible inhibitor
ethopropazine, all often studied inhibitors of ChEs [1,2].
The site of catalysis in both ChEs is buried ~20 A deep
in the center of a globular catalytic subunit of similar
mon ding author. fold. The deviation (RMSD: root mean squared devia-

E-mail address: zadic@ucsd.edu (Z. Radié). tion) in protein backbone conformations of AChEs from

AChHE and the similar yet distinct enzyme from the
ChE family, BuChE, catalyze acetylcholine hydrolysis
comparably well, only differing in their ability to cat-
alyze hydrolysis of carboxylic acid esters of larger acyl
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Torpedo californica (TAChE), mouse (nAChE), human
(hAChE) and Drosophila melanogaster (DAChE) and
of human BuChE shows a modest 0.93 A (0.88—1.1 A),
only slightly higher than the average RMSD of 0.70 A
(range 0.55-0.87 A), found for conformational variabil-
ity between mAChE, hAChE and TAChE and lower than
1.2 A (range 1.1-1.2 A) determined for the structurally
divergent DAChE in comparison to other three AChEs.

The most potent, reversible ChE inhibitors associate
with AChE at low picomolar and femtomolar concen-
trations. With these low dissociation constants even the
rapidly associating ligands, limited only by the rate of
diffusion, form inhibitory complexes that dissociate very
slowly, with half-lives measured in days and months
[3.,4].

Three structurally diverse groups of reversible
inhibitors show the highest affinity with the ChEs. These
are the 61 amino acid large snake venom toxins, fasci-
culins; the low molecular weight transition state ana-
logues trifluoroacetophenones; and the somewhat larger
disubstituted 1,2,3-triazoles.

2. Fasciculins

The fasciculin (Fas) family of toxins consists of three
very similar three-fingered toxins isolated from venoms
of Dendroaspis snakes (Fig. 1). Fas2 found in Den-
droaspis angusticeps is the most extensively studied
and has picomolar inhibitory potency, similar to Fasl
which differs by only one amino acid and is found in
the same venom. Fas3 found in Dendroaspis viridis dif-
fers by three amino acids from Fas2 and is an order
of magnitude more potent inhibitor [5]. Fas2 and Fas3
associate with AChE at 2-6 x 108 M~! min—!, about
two orders of magnitude slower than diffusion limited

reaction rates. It is thus possible that only a small frac-
tion of enzyme and/or toxin conformations existing in
solution can form an AChE*Fas2 complex seen in crys-
tallized state [6--8]. Crystal structures of Fas2 bound to
mAChE [6], TAChE [7], and hAChE [8] show similar
Fas2 conformations with the average backbone RMSD
of 0.63+0.16 A (n=10). This deviation in Fas2 struc-
ture is slightly, but consistently, smaller than the differ-
ences between the five AChE-bound structures and the
structure of a free Fas2 with a RMSD of 0.81 £ 0.07 A
(n=5) (Table 1).

On the other hand, conformations of both mAChE
and TAChE in complex with Fas2 differ from conforma-
tions of unliganded AChEs more than other crystallized
AChE*ligand complexes. For 28 TAChE*ligand crystal
structures, the average difference in Ca conformation
in comparison to unliganded TAChE structure (PDB
code 1ea5) is 0.27 £0.09 A, while for the TAChE*Fas2
complex (PDB code 1fss) that difference is 0.54 A. For
12 complexes of mAChE the average Co difference
is 0.29+0.11 A, while two mAChE*Fas2 complexes
(PDB codes 1mah and 1ku6) show an average RMSD
0f 0.55 4-0.10 A. Formation of a tight AChE*Fas2 com-
plex, is thus restricted to only a fraction of conforma-
tional states of both partners, particularly the enzyme,
resulting in submaximal association rates. The high
degree of complementarity of the more than 1000 A2
interaction surface of the resulting intermolecular fit in
the complex [6-8] ensures very slow rates for its disso-
ciation and low pM inhibition constants.

The much larger size of the active center gorge open-
ing of BuChE does not allow for such a tight and com-
plementary fit between Fas and the enzyme resulting in
nearly millimolar inhibition constant for BuChE*Fas2
interaction [10].

Fasl TMCYSHTTTSRAILINCGENSCYRKSRRHPPRMVLGRGCGCPPCDDNLEVECCTSPDRCNY
Fas2 TMCYSHTTTSRAILTNCGENSCYRKSRRHPPKMVLGRGCGCPPGDDYLEVRCCTSPDRKCNY
Fas3 TiCYSHTTTSRAILIACGENSCYRKSRRHPPRKMYLGRGCGCPPGDDYLEVKCCTSPDRKCNY

Fig. 1. Protein backbone fold for 61 amino acid long Fas2 represented by gray ribbon and alignment of sequences of three fasciculins. Nonconserved

residues are printed in lowercase type.
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Table 1
Structural pairwise overlays of Fas molecule found in seven different crystal structures
Structure PDB idi# RMSD (Ca backbone) (A)

1b41 1f8u 1fss tkué Imah 1fsc Ifas

hAChE*Fas2 1b41 0 0.23 0.75 0.69 0.66 0.89 2.61
hAChE*Fas2 1f8u 0.23 0 0.72 0.68 0.65 0.87 2.62
TAChE*Fas2 1fss 0.75 0.72 0 0.72 0.67 0.82 2.54
mAChE*Fas2 1kué6 0.69 0.68 0.72 0 0.50 0.75 2.50
mAChE*Fas2 Imah 0.66 0.65 0.67 0.50 0 0.74 2.50
Fas?2 1fsc 0.89 0.87 0.82 0.75 0.74 0 2.52
Fasl Ifas 2.61 2.62 2.54 2.50 2.50 2.52 0

Only backbone atoms of Fas were used in pairwise alignments. Sequences were overlaid and RMSD calculated using SwissPDB Viewer version 3.7

software interface and VMD program [9].

3. Trifluoroacetophenones

Unlike interactions between Fas and AChE that rely
on high degree of complementarity of large interact-
ing intermolecular surfaces, the tight interaction of tri-
fluoroacetophenones (TFKs) with AChE is in large
part a consequence of covalent bond formation and a
pronounced three point interaction, between the two
molecules. The structure of trimethylammonio trifluo-
roacetophenone (TFK+), when bound to AChE, mimics
tetrahedral transition state in hydrolysis of acetylcholine
in an all frans conformation [11,12] (Scheme 1).

The crystal structure of TFK+ covalently attached
to TAChE reveals, in addition to the covalent bond
between Oy of TAChE Ser200 and the carbonyl carbon
of TFK+, close cation—w interactions between the qua-

*he290

Scheme 1. Mechanism of interaction of TFK+ with AChEs. Forma-
tion and breakdown of covalent bond with the active serine 203 of
mammalian AChEs.

ternary nitrogen of TFK+and 4-5 A distant aromatic side
chains of Trp84 and Phe330 (Fig. 2). At about 2 A away
the carbonyl oxygen of TFK+ forms three hydrogen
bonds to the enzyme amide backbone, and three fluo-
rines are surrounded by the acyl pocket phenylalanines
some 3 A distant. TFK+ associates with AChE at dif-
fusion limited rates (kop=2.2-4.8 x 10! M~ min—1),

Phe330

Fig. 2. Crystal structure of TFK+ covalently bound to the active serine 200 of the Torpedo cavlifornica AChE. Distances between TFK+ and choline
binding site residues (Trp84 and Phe330), acyl pocket residucs (Phe288 and Phe290), peripheral site Asp72 and the oxyanion hole (PDB code lamn,

[13D.
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Scheme 2. Formation of disubstituted 1,2,3-triazoles by the [3+2]-Huisgen cycloaddition reaction between azides and acetylenes.

but dissociation is very slow consistent with break-
ing of the hemiketal bond with the serine hydroxyl
and additional strong interaction points between the
two molecules (kor=0.0006-0.006 min—!, depending
on AChE species). This results in very high inhibitory
potency with Kj in the low fM range (1.3-16 fM).

Substituting the active Ser203 of mAChE with Ala
eliminates evidence for tight TFK+ binding to mAChE,
but substituting catalytic triad His 447 with Ile has
only a small effect on TFK+ binding rates, even though
both Ser203Ala and His447Ile mutants appear cat-
alytically inactive for acetylthiocholine hydrolysis and
organophosphate conjugation. These observations sug-
gest that, while Ser203 is required for tight binding inter-
action with TFK+, its ionization state or nucleophilicity
is not as critical for formation of AChE-TFK+ adduct as
for an ester bond formation. The role of catalytic triad
His447 in AChE in addition to potentiating nucleophilic-
ity of the active Ser203, is suggested to be in stabiliz-
ing the tetrahedral transition state in substrate hydrol-
ysis and recruiting the water molecule required for its
breakdown.

4. Disubstituted 1,2,3-triazoles

The tightest binding reversible, non-covalent
inhibitors of AChE are not natural products, but 1,2,3-
triazole derivatives [3]. The unique strategy used to
design these inhibitors was to allow biological target, in
this case the AChE molecule, to serve as a template for
synthesis of its own inhibitor out of two building blocks.
The library of building blocks structurally related to
known AChE inhibitors tacrine and propidium was dec-
orated with reactive acetylene and azide functionalities
and presented to AChE. Tacrine and propidium selec-
tively bind to the AChE peripheral binding site and to
the AChE active center, respectively. The acetylenes and
azides, highly bioorthogonal reagents, in the absence
of a catalyst very slowly form a pair of disubstituted
1,2,3-triazoles in the [3 +2]cycloaddition reaction. The
two products are regioisomers, syn- and anti-triazole
(Scheme 2). Incubation of seventeen acetylene and
azide building blocks (Fig. 3) in fifty two pairwise
combinations with a micromolar concentration of either
Electrophorus electricus AChE (EAChE) or mAChE,

=N CoHs
N+
(H20)3—N\——CH3
O
Propidium
Kg=1.1uM
N N N
N =y N
e v 7
HN Tacrine NH(CH,), NH(CH,);i—C=CH
Kq4= 18 nM + -
(n=2-6) N=N=N n=1-3
- A,
~

52 reagent combinations; 104 potential products

Fig. 3. Acetylene and azide building blocks of the P library in comparison with active center (tacrine), and peripheral site inhibitors (propidium).
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syn-TZ2PA6

syn-TZ2PAS

syn-TA2PZS syn-TA2PZ6

Fig. 4. Four disubstituted 1,2,3-triazoles formed in situ, in the AChE molecule, from building blocks of the phenylphenanthridinium based (P library)

shown in Fig. 3.

yielded only four (Fig. 4) out of 104 possible different
disubstituted 1,2,3-triazole products. All four in situ
formed triazoles were syn-isomers. In the presence of
enzyme, the cycloaddition reaction was accelerated by
about four orders of magnitude yielding nanomolar
concentrations of disubstituted 1,2,3-triazoles following
6h of reaction. Effectively, one triazole molecule was
formed every minute for about every 36,000 molecules

of AChE, thus the reaction is catalyzed 9-10 orders of
magnitude slower than hydrolysis of acetylcholine.

The inhibitory potency of the four in situ formed dis-
ubstituted 1,2,3-triazoles was extremely high, in the fem-
tomolar range, requiring that their inhibition constants
for the EAChE and mAChE (Table 2) be determined as a
ratio of independently determined dissociation and asso-
ciation rate constants [14].

Table 2
Interaction constants and free energies of binding (—RT'In Ky at T=295K) of disubstituted 1,2,3-triazole inhibitors of the P library with AChEs
Inhibitor ko (10" M~ min—1) kofr (min~!) Ka (fM) —RTInKy (kcal mol™1) AChE
TA2PZ5
syn- 1.5 0.0081 540 16.6 EAChE
1.5 0.045 3,000 15.6 mAChE
anti- 0.98 14 140,000 133 EAChHE
1.1 0.50 44,000 14.0 mAChE
TZ2PAS5
syn- 0.76 0.00077 100 17.5 EAChE
1.2 0.028 - 2,300 15.7 mAChE
anti- 0.90 0.38 42,000 14.0 EAChE
1.3 0.43 33,000 14.1 mAChE
TA2PZ6
syn- 1.2 0.010 830 163 EAChE
1.4 0.0086 610 16.5 mAChE
anti- 14 1.4 100,000 13.5 EAChE
1.7 0.71 42,000 14.0 mAChE
TZ2PA6
syn- 1.5 0.0015 99 17.6 EAChE
1.7 0.0071 410 16.7 mAChE
anti- 1.8 0.25 14,000 14.7 EAChE
25 0.22 8,900 14.9 mAChE

For the purpose of this kinetic characterization triazoles were synthesized by conventional methods {14].




6 Z. Radié¢ et al. / Chemico-Biological Interactions xxx (2005) xxx—xxx

DA?*//O */ @M:M‘fw" o (j(’“r:r’

PIG-AS n =

HQ-AS.n=5
RQ-A6:n=8

PIG-AG: N =
m W 04 N 7
u W AN
n \ i Ne
,N,(_,)/
@V,
HIG-AS:n=5  DMB-AS:n=5 PIP-ASin=5 PGHA4
HIQAS n=6 DMBASN-6 PIP-ABn=6

e
C-AS:n=5 PO-A5:n=5 PHN-AS: n~5 DPA-AS: n=5
C-A6:n=8 POABN=6 PHN-AB: n=§ DPA-AS:n=8
O~N
2 ﬂ.N@/\/\ N g I!L P
N 4 | N”“‘“/\/\
O.N
o]
QH-A4 BOH-A4

Fig. 5. HET library of acetylene reagents. This library was incubated with the azide TZ2 in presence of mAChE or EAChE.

Anti-isomers, that do not form by the in situ reac-
tion, were one to two orders of magnitude poorer
inhibitors of both EAChE and mAChE than the corre-
sponding syn-isomers. All eight compounds, however,
were respectable inhibitors, with dissociation constants
in the femtomolar to low picomolar range. The femto-
molar potency of syn-TZ2PA6, appears unsurpassed for
both enzymes, while syn-TZ2PAS and syn-TA2PZ6, are
aclose second. Ky values span three orders of magnitude,
which is mainly due to the striking 1800-fold differences
in the slow dissociation rates constants, ko, in the case
of the Electrophorus enzyme, and 90-fold difference for
mAChHE. In contrast, the fast, diffusion limited associa-
tion rates kop vary only by a factor of two. Thus, all eight
triazoles owe their high inhibitory potencies to rapid
rates of complex formation, occurring in milliseconds
and very slow dissociation with half-lives of up to sev-
eral days. Rapid transitions between conformations of
the gorge enabling transient widenings may account for
the near diffusion controlled rates into a geometrically
restricted gorge.

Recently, disubstituted 1,2,3-triazoles of even higher
potency have been discovered by an in situ click chem-
istry approach, in which twenty-three acetylene build-
ing blocks were incubated with the tacrine azide TZ2
in presence of mAChE or EAChE [15]. The aromatic
heterocycles of acetylene reagents of this library (HET
library) lack a permanent positive charge (Fig. 5).

Four chiral disubstituted 1,2,3-triazoles, syn-(S)-
TZ2PIQ-AS, syn-(S)-TZ2PI1Q-A6, syn-(R)-TZ2PIQ-
AS, and syn-(R)-TZ2PIQ-A6 formed in situ in both
mAChE and in EAChE when chiral building blocks PIQ-
A5 and PIQ-A6 were combined with TZ2 (Fig. 6). Their
inhibitory potencies in addition to the potencies of their
corresponding anti-isomers are listed in Table 3.

Constants for the HET library derived triazoles
in Table 3 follow general trends observed for con-

stants of P library derived triazoles in Table 2. In
both tables, comparison of the inhibitors extending
from the strongest to the weakest revealed contri-
butions of three discrete structural components. For
the P library derived inhibitors those are syn- versus
anti-regioisomeric configuration, linker length between
phenylphenanthridinium and triazole of six versus five
methylenes (A6 — AS or Z6 — Z5), and inversion of the
in situ formed triazole ring orientation (TZPA — TAPZ),
as reflected in comparison of the strongest inhibitor syn-
TZ2PAG6 to the two to three orders of magnitude weaker
inhibitor anti-TA2PZS5, the weakest in Table 2. For the
HET library derived inhibitors the difference between the

O/ O/
0. {
~ e
*

*

N, N,

NH
() 940
N N

TZ2P1Q-A6 TZ2IPIQ-AS

Fig. 6. Chiral disubstituted 1,2,3-triazoles formed in situ from building
blocks of the HET library (Fig. 5), in combination with the tacrine azide
TZ2.
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Table 3

Interaction constants and free energies of binding (—RTInKy at T=295K) of disubstituted 1,2,3-triazole inhibitors of the HET library with

acetylcholinesterases

Inhibitor kon (101 M~ min~1) kogr (min~1) Kqg (fM) —RTIn Kq (kcal mol~!) AChE
(5)-TZ2PIQ-AS
syn- 0.70 0.00023 33 18.2 EAChE
0.77 0.0038 500 16.6 mAChE
anti- 0.52 1.10 210,000 13.1 EAChE
0.72 6.2 870,000 12.2 mAChE
(R)-TZ2PIQ-A5
syn- 0.67 0.00024 36 18.2 EAChE
0.84 0.00088 100 17.6 mAChE
anti- 0.40 0.77 190,000 13.1 EAChE
0.58 1.0 180,000 13.2 mAChE
(5)-TZ2PIQ-A6
syn- 0.90 0.00087 96 17.6 EAChE
0.97 0.0110 1,100 16.1 mAChE
anti- 0.41 0.83 200,000 13.1 EAChE
0.67 2.8 420,000 127 mAChE
(R)-TZ2PIQ-A6
syn- 0.67 0.0024 360 16.8 EAChE
0.73 0.012 1,700 15.9 mAChE
anti- 0.50 0.82 170,000 13.2 EAChE
0.64 1.4 220,000 13.0 mAChE

strongest (5)-TZ2PIQ-AS5 to the weakest (R)-TZ2PIQ-
A6 inhibitor similarly included six to five methylene
linker size reduction in addition to S to R inverted chiral
preference. Syn- versus anti-regioisomeric configuration
had so pronounced an effect in the HET library set of
triazoles that it masked effects of other structural mod-
ifications, thus resulting in more than three orders of

Table 4

magnitude reduction in binding for every syn- versus
anti-triazole pair.

The average energy differences per individual struc-
tural change listed for the two libraries in Table 4 further
emphasize that for the optimal fit in the inhibitory com-
plex the elongated slender triazole molecules need to be
tilted in order to follow the curvature of the AChE active

Energy increments for structural changes in in situ formed disubstituted 1,2,3-triazoles of P and HET libraries (Tables 2 and 3)

Structural change

Mean A (—RTIn Kg) (kcal mol~1) AChE
P library HET library
syn — anti 31+03 4.5+ 05 EAChE
1.9+ 04 3.7+ 06 mAChE
A6 — AS (or Z6 — Z5) 0.15 £ 0.38 —0.52 + 0.64 EAChE
0.69 + 0.45 —0.51 £0.87 mAChE
TZPA — TAPZ 1.0+ 02 N/A EAChE
0.37 £ 0.36 mAChE
S—R ~ N/A 0.18 £ 0.36 EAChE
—0.48 + 0.59 mAChE
Z(syn — anti) + (A6 — AS) + (TZPA — 43(4.3) 5.2(5.1) EAChE
TAPZ) (P library) or Z(syn — anti) + (A5 —
A6) + (S - R)(HET library)
3.0027) 3.733.7) mAChE

Energy difference values calculated from increments are shown in bold typeface; experimental values are in parentheses.




8 Z. Radi¢ etal. / Chemico-Biologi’cal Interactions xxx (2005) xxx—xxx

center gorge as found for syn-isomers. That is particu-
larly manifested in the HET library derived compounds
whose smaller peripheral site group allows them to bind
deeper into the enzyme active center gorge. Apart from
the syn-/anti-difference in regioisomeric configuration
the inversion of the triazole ring orientation, as shown for
the P library, affected inhibitory binding the most. Thus
interactions of the ring, bearing a strong dipole moment,
with the active center gorge residues contribute signif-
icantly to the overall energy of binding. The triazole
moiety is thus an active pharmacophore in the inhibitory
interaction with AChE. This interaction is significantly
more pronounced for EAChE than for mAChE prompt-
ing questions on the molecular basis for the interspecies
difference. The two enzymes, however, share very high
degree of similarity in the active center gorge, from the
peripheral site Trp286 to the Trp86 at the gorge base indi-
cating that the difference in triazole (and thus the dipole
orientations) inversion influence might come from inter-
action of an inhibitor with more global properties of the
enzyme molecule, such as positioning and magnitude of
its overall dipole moment that might differ in AChEs of
the two species.

Inhibition of BuChE with selected triazoles, as shown
for the P library derived triazoles [16], is generally very
strong with constants in high femtomolar range, how-
ever, a looser or less tailored inhibitor fit in the large
active center gorge of BuChE may account for the dimin-
ished energy of interaction.

5. Conclusions

The tightest inhibitory interactions with ChEs are
not confined to a specific region of enzyme molecule
but occur in three different structural domains. Fasci-
culins bind to the peripheral binding site, TFKs to the
active serine of the catalytic site, and in situ generated
disubstituted 1,2,3-triazoles occupy the active center
gorge between the two sites. In their inhibitory interac-
tion, TFKSs exploit structural features of enzyme highly
evolved for the efficient substrate hydrolysis and large
fasciculins interact with the outer available AChE sur-
face, while disubstituted 1,2,3-triazoles are synthesized
within the AChE template to fit optimally the active
center gorge ensuring not only high affinity but also
specificity of the interaction. Steric and functional com-
plementarity between inhibitor and enzyme molecules
ensure high stabilization energies of all corresponding
complexes. The narrow and hydrophobic active center
gorge of AChE appears better suited for tight bind-
ing interactions of that type, as compared to BuChE,
resulting in low femtomolar inhibition constants for the

tightest binding syn-triazoles. While slow dissociation
rates of inhibitory complexes appear decisive for the
high affinity interaction, the association rates approach-
ing the diffusion limitation additionally contribute to the
overall stability of the inhibitory complexes. Conforma-
tional flexibility within the long, narrow, and hydropho-
bic active center gorge of AChE, presumably accounting
for transient opening states, likely facilitates accessibil-
ity in diffusion limited association.
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I. INTRODUCTION

From the beginning of the past century until the early 1970s,
assay of the cholinesterases was based mainly on their
capacity to catalyze the hydrolysis of acetylcholine and on
the selectivity of compounds that interfere with the cat-
alytic reaction (Dale, 1914). In the late 1960s and early
1970s, inhibitors and substrates were found to bind to a
remote site(s), thereby allosterically interfering with the
catalytic reaction (Changeux, 1966; Aldridge and Reiner,
1969; Taylor and Lappi, 1975). Improvements in protein
purification techniques identified the active center and suf-
ficient sequence to clone the gene encoding the enzyme
(Schumacher er al., 1986). Five years later, the first three-
dimensional structure of a cholinesterase was solved
(Sussman er al., 1991). Those events led to rapid accumula-
tion of structural information on cholinesterases in the
years to come, resulting in the determination of at least 125
primary structures and 61 three-dimensional structures of
cholinesterases available today. In this chapter, we summa-
rize the available structural information in the context
of the evolutionary and functional relationships of the
cholinesterases and related o/f hydrolase fold proteins.

II. CHOLINESTERASE FAMILY
OF ENZYMES

Two structurally and functionally very similar, yet distinct
enzymes form the family of cholinesterases (ChEs).
Acetylcholinesterase (AChE; EC 3.1.1.7) and butyryl-
cholinesterase (BuChE; EC 3.1.1.8) both catalyze acetyl-
choline (ACh) hydrolysis with similarly high efficiency and
only differ in efficiency to catalyze the hydrolysis car-
boxylic acid esters of larger acyl group size, such as
butyrylcholine or benzoylcholine. Larger substrates are
hydrolyzed much better by BuChE due to small but signifi-
cant differences in their structure that also allows BuChE to
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much better bind generally bulky ligands, including cova-
lent inhibitors isoOMPA and bambuterol and reversible
inhibitor ethopropazine, all well-known specific inhibitors
of ChEs (Vellom et al., 1993; Radié et al., 1993). The site
of catalysis in both enzymes is buried ~20 A deep in the
center of the globular catalytic subunit. Tissue distributions
and physiological functions of the two enzymes in higher
organisms are different. AChE is mainly found in the cen-
tral nervous systems, neuromuscular junctions, and the
hematopoietic system of vertebrates, and it plays a key role
in cholinergic neurotransmission. BuChE is found in liver,
blood serum, and kidney. Its primary physiological role is
not completely clear, but it may be involved in hydrolysis
of dietary esters. Mice lacking the AChE gene and activity
have normal BuChE activities and can survive more than 1
year but are more sensitive to organophosphate (OP)
inhibitors, suggesting that BuChE activity may substitute at
least in part for AChE activity (Adler er al., 2004). The
mammalian cholinesterase profile contrasts with that of
Drosophila, which acts BuChE and in which AChE knock-
out results in embryonic lethality (Greenspan er al., 1980).
In humans and most other vertebral species, only one gene
encodes AChE. Tnsects and worms can have multiple genes
encoding up to two (insects) or four (worms) AChEs.

A. Primary Structure

Catalytic subunits of both AChE and BuChE consist of a
single 500- to 600-amino acid-long peptide. The first amino
acid sequence of an AChE was determined by Schumacher
and colleagues in 1986 by cloning ¢cDNA for the enzyme
from fish Torpedo californica, whereas the first BuChE
sequence was determined by sequencing purified enzyme
protein isolated from human serum (Lockridge ef al,
1987). A search of the SwissProt database revealed approx-
imately 125 full-length or nearly full-length cholinesterase
sequences, including approximately 108 AChE and 17
BuChE sequences. More than half of these refer to proteins

Copyright 2006, Elsevier, Inc.
All rights of reproduction in any forw reserved.
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whose function was not established directly but was
inferred from sequence comparisons. The largest numbers
of deposited sequences are of insect cholinesterases (51
sequences), including aphids (16 sequences), flies (15
sequences), and mosquitoes (10 sequences), followed by 19
entries of mammalian sequences. Also numerous are para-
site (17 sequences) and worm (16 sequences) entries. The
distribution of species with known cholinesterase
sequences reflects an interest in studying enzymes targeted
by OP and carbamate (CM) pesticides. Some deposited
AChE sequences originate from species that developed
resistance to pesticides used to eradicate them, most
notably insects such as, mosquitoes, and flies. Cholinesterase
activities have been documented in a number of plants and
algae (Gupta and Gupta, 1997; Gupta et al., 1998; Fletcher
et al., 2004), but their sequences are not known. Among
the simpler life-forms, recently resolved genomic
sequences of fungus Newrospora crassa (Galagan et al.,
2003) and virus Mimivirus (Raoult et al., 2004) revealed
cholinesterase-like  sequences, suggesting utilization of
cholinesterase activity in simple life cycles of primitive
organisms. Table 1 summarizes full-length amino acid
sequences of fish (ACES_TORCA; ie., T. californica),
insect (ACES_DROME; i.e., Drosophila melanogaster,
36% identify with Torpedo), human (ACES_HUMAN,
55% identify with Torpedo AChE), and mouse
(ACES_MOUSE, 56% identify with Torpedo AChE)
AChEs; human and mouse BuChEs; as well as four
cholinesterases of very simple organisms — fungi
(Q6MGI2 and Q872US, 21 and 20% identify with Torpedo
ACHhE, respectively), tunicata Oikopleura dioica (Q675X9,
14% identify with Torpedo AChE), and virus (Q5URO2,
21% identify with Torpedo AChE).

Out of approximately 50 serine residues found in
cholinesterase sequences, only one is directly involved and
essential in catalysis, Ser200, as confirmed by site-directed
mutagenesis (Gibney er al, 1990). 1t is found in all
sequences in Table 1, including viral and fungal proteins. A
detailed comparison shown in Table 2 includes all 125 cur-
rently available cholinesterase sequences. The active
Ser200 is conserved in 124 sequences and shifted by one
residue c-terminal only in human hookworm Necator
Americanus AChE (Q8IT86). It is not clear whether this
protein is catalytically active, but similar one-position shifts
in the active serine, although N-terminal, are found in
sequences of structurally related, but catalytically inactive,
neuroligins, a family of neuroadhesive proteins from
human, mouse, and rat sharing approximately 30% amino
acid identity with AChE. Besides Ser200, five more serines
are very well conserved throughout the family: Ser9l,
Ser205, Ser212, Ser226, and Ser428. The amino acid frag-
ment (195-205) around the active Ser200 is well conserved
in most cholinesterases. Of the 11 residues of the fragment,
Gly202 appears to be strictly conserved in all 125
sequences, whereas the pattern Gly-X-Ser200-X-Gly-X-X-Ser

can be found in 123 sequences; exceptions are the sim-
ple marine organism Oikopleura dioica (Q675X9) and
worm N. Americanus AChE. Interestingly. 13 of 15
deposited fly AChE sequences have, starting with Ser200,
the conserved pattern Ser-x-x-Ser-Ser-Ser, and one of the
sequences (Q8MXC9) has a Ser-Ser-Gly-Ser-Ser-Ser pat-
tern. Residues His440 and Glu327 were identified as the
remaining two elements of the catalytic triad. Site-directed
mutagenesis showed that substitution of His440GIn in
T. californica AChE yielded inactive protein (Gibney er al.
1990), and Glu327 was identified as part of the catalytic
triad only upon resolution of the first three-dimensional
structure of an AChE (Sussman et al, 1991). The two
residues are conserved in 123 (Glu327) and 124 (His440)
sequences, suggesting that Oikopleura and one of two fun-
gal proteins (Q6MGI2) in which residues other than Glu
and His are found may not be catalytically active. Several
other glutamates and histidines are well conserved in the
cholinesterase family. Glu92 is conserved in all 125
sequences, and Glul199, Glu443, and His209 are conserved
in almost all of them, whereas positions 172, 297, and 397
have either Asp or Glu always conserved.

Besides the catalytic triad, additional residues are known
to be critical for maintaining the catalytic activity of
cholinesterases. The oxyanion hole stabilizes carbonyl oxy-
gen of ACh during hydrolysis. It is formed by protein back-
bone amide nitrogen protons of residues Gly118, Gly119,
and Ala201, as suggested by the positioning of trifluoroace-
tophenone, an ACh transition state analogue, in the three-
dimensional structure of Torpedo AChE (PDB code 1AMN;
Harel et al., 1996). Two of three residues are likely suffi-
cient to form a functional oxyanion hole entity, and all 125
sequences in Table 2 have at least two of three oxyanion
hole residues conserved. The most conserved is Gly118 (in
124 sequences), followed by Ala201 (in 120 sequences).
The Alazol is substituted with serine in 5 sequences
Gly119, is conserved in 115 sequences with serine substitu-
tion in 6 of the remaining 10 sequences.

Two additional sequence fragments exceptionally well
conserved throughout the cholinesterase family are required
for catalytic activity, although their involvement in the cat-
alytic process is not fully understood. Residues 91-95 with
sequence SEDCL (Ser-Glu-Asp-Cys-Leu) are conserved in
115 of 122 residues, motif xEDCL is conserved in 120 of
122 sequences, and motif xExxL is conserved in all 122
sequences. Two anionic residues in that fragment, Glu92
and Asp93, are involved in a salt bridge and a hydrogen
bond formation with Arg44 and Tyr96, respectively. Both
are conserved in number of cholinesterases, particularly
Arg44, which is absent only in viral and O. dicica AChEs
out of 125 sequences. Substitutions of Glu92Gin,
Glu92Leu, Glu93Val, and Arg44Glu in single-site Torpedo
AChE mutants resulted in the complete loss of catalytic
activity, indicating their important role in folding and main-
taining the three-dimensional structure of a disulfide loop

4




4:17 PM Page 163

10/15/05

P088523-Ch12

1

(SANUITUOI}

>Qme<4AD<QHAHmHAHMDDZHZ<OMQHmEmUmZBZMUHA>mHMJ$¥OO>WWZZZOOODEAOQH>m0mmSB>mmyMDK>MMm4m>HHNQ&JMMAQOHOQQ:@Q>wmm<ammmmO>Amm
QIOSTLIVAOMITAONSAD - ~ ~SSIUGdAIDSDONLAADAIAET - - -~~~ Mm@mmeQH>mQOQH>mmZENHm@mmawmHDGDMD%HMOOH&WMQUHAmﬂmmnm%@UOANHZJZD>O>O¢
SYISTYAYKODLAdDd LNdUALOdEANATAL LDENYIADONAIA -~~~ - AJIDISRYAYTISIJ0AdTAANIDA -~~~ - 10 STIADIDAYNL INOMITY ~NLLONTIOATOYAYSNN
OHHO&UD@>ZDMQAQQGOMHHwﬂmMNOBMthwzﬂmmSmD>Qz><mhOB>mmHDzoﬂmumm>mm><mHDQNZﬂNHAOZ<M&N&>M&GH¢Q¥4@¢HQOJ&DHE&SUthmUZﬂmww>>de
mwzzawmdhmxmhHQmDZQMm&Um«UH>J&<HOMDMZ>O>AHO@&&>¥@JOJQHN&EQBQ&DOQ>HmOmZHMJHmmmmq>hmeMdeomDKmMAU¥HSMENZM&MU&B@MGJBABMZN4
m@H&ﬂOmOmMMMBHHmZZDMmm0&¢0N>AWGBGMQMZ>O>QHOB¥MmOGQMAdHQQEQBdmDw0>Bm0m2>mdmhwwm>>m<m2ddHMO&DMZNAUMHH@HNZM&WUOBQ&@QZABNZ%ﬂ
>OHM>O£Am0mmmqumzommmwm>ww>ﬂm>mOMDm>>O>A>OdQOhDGBZHA@M&HQMJ@Q&D>>m>hmhthmMOmA>mzmmnbdQO@&%HMQU@HAMHQZGmmUO>QmmAQHmmmm<
>O>M>O<QmmmmmHqmmZD&mmwmﬂww>ﬂh>mwm0&>>0>d>0dwmmﬂw42HAiﬂ&&ﬂmg&Q@Q>>&>mmmmm>mm0mq>m3mmz>d>04mMquU¢>AMHDZOmm00>ﬂm¢QOP<mMM§

ATNNWNIFTANCEATYIYA - - -CTAAATTIALDIQUANDWIIAR - - - = = MWILNAAYETIVOAT LdYSdASTISN- -~~~ MODAS TIAYAASTWO SHAHVANSYNDNIANITYAD THAY
>md¥>&m2&0m%mwammmxmh@mmwwgﬂmmmwmQMZ>0ﬂAHOHMMMZOMZAEMMAmBmmhmOQH>m>mmhmmHmDmmA>ZBM>QHAm0mM&mqumHﬂmmamZAZOZAZMOAm>QMNNO
w w w [ w w w N Y N] N N
o 0 & w I = o 0 @ 2 o [
L=} < o Q o (=] o R=4 o fel < (=]

mmZ@Qq><m4BBmwmde4mmmmmMM<V>EHmmOHmmmwdmQUZHH>ZQ@Dwwm4&>2mm>BMAAZHOQMAUAZAAOMM<:<mmqm0qmw>mwzmmHOHE&¢D<3w>mmmSZMmeZOwZ
OOqu>Hx‘(Gmm>mm<¢m¢mmQMUQMD<EE$>4>M@<®4M<UOA>>EQ&Z@OmOmHMMO>3mA4MmODMAOZZ<>>OOI-UZHJ@UN&@HMMZQB>>HHm2mmmm>qu:OZqZZ<ZQZ
HZ&JHDUNOmmOH>MHhAmemd.QZA&P><OQU>MHOO@WOwwHBHQMmxwwhmmHZZM>3MAOAMOQQQO>>ON€MAOMMmmmmwm@2>mwm4<>HHHMMH>4QHmm2w>wQOmOmH
¥&<mmd&VMBZQwZZSEZ>MMhVrBmum>ﬁqqm3>HmmwwmmmmmmmZDmewhHmUMHOBmmSm<>mQOAGZZFOhZOwnmaﬁymwhHUhmwwHZmH<>OmMMHdemm3m|-:ZZGmZ
mmmm&>¢3&@2mmwwmaH@MH&Amwmomodqmgm>mmdwmmm0mHHHmeZme44H2m0>KOA<AOOQmAOEZOmmﬂmzwmm@dhwﬂmw>mw22m>>H>mm>mmqmMGDN>mAmmHGBO
m>4m9>mzm¢2mm0m0qH<mqummmwmmﬂﬁmam>m<4@<mmwm49>mxmzmwm44HZMO>ZOAmAOODmJUZZOmﬂmmZGmq@dm@n@@>m>22m>>H>MM>M4J&MUQ>>$AmmBﬂBO
mU@m>H<3mOZmBOWOJ>4MmmAmmmmdmﬂHmEO>mmﬁwmmmwmqﬁ>mEmDowhmmHZm0>3OJ<AMOQAAO>ZOmQMMmUmAmqm0mHO>mM22m>d>mwm>0mqmmoow>mammﬂwmw
mwzwbhmgmmeGOmOQ>AMmmJOMmmmmﬂﬂm2w>mméwmmmwmqh>mﬁmawwhmd>2mO>SOA4AMOQGAD>ZGQmmMmUmﬂmqm0m€O>m>zzm>q>9mm<0>qhmwoa>mqmmmwmw
&mmHEmmEdeSHOm@ESONM>AGMB>mm2ﬂ0m2>mmmwﬂmmwhdhzgmwZ@OmmmizaxqgmH4&4@&3A0>20m4mm¢mmﬂmam0&4¢>m>0mm4>H>Zw>¢¢2HQQZ>HQAHﬂmGHS
md>m>m¢3m02mmOm@dH@MM&ADMMG&mAHm20>mm00¢mmwhHH>BM&wahmoHZQE>SOA<EMODAJU>ZO&GMOmwmqma&mmmobm>mam>a>>mmhwmqwxwzw>mdhwmwmw

o n t © N = = = - - I =
B w [ %) L o o @ ~1 (2] " > w
(=1 (=] o (= o o (=] (=] o o o o

h@OOmHN>>>mA¢QMKZ|mMNHzmqumembOHmUZWOhMb&OhBMDwOmﬂ@&mmmmm@mHm&z&mwmqﬁ>@mmBdHﬁUmOMmmHEHZH@HZdBmHOmHmHmbmmmﬁmhﬂwqmdwm>H
hwwwOHm>@>demMH::m¢>>DAmAUQm||mHJmZUmMMbuZZOmMZQGOmmmme |||||||||||| AaDAdYIATYDAIAVEAETOIMOSA - - - ONDTIEDARAISALANAALS TAIH
IYOOH IMAWAdTDHAT - AYMANLATOAISTOYGEdALDIYARDEONdAAE -~ -~~~ - LINTE - M A Ad DIMETNNAGA IVAd TOAIAY IV - -EAXOTIONIIONAINASLIIDAT
hw00m>>>HHm>mwmx::m>mH2HZQUQMmHO@mmmomU@meahhmeOOmm2dx>dmmhQ>>OmQBAq2mmmmqqzm0>ﬁmmDMBmeAO&Z&QZ&GmHz>mMﬂumeHNZ>wQ¢UHm
meONH3>S>B¢2M&Mm>MHEDZAVQUDMmAZHZmZSmewOmwm&QODHZONUmZ@MOszmHDmZMZA&O&MMmNAm&AmmOﬁNmdem¢B>BO|J>m2mqwm>meMBHHHthMOm
MODOVHBHQ>B¢2M&Mm<mHS>ZA>QUQmmADBZ&ZzzmmwmmmmmmOQHZOUUmZdNMszzHDmSMquOmMMmNAMGAmmaﬁwmHOAMﬁB?HO|h>BAZEwm>M02xB¢HHHDmMOH
hO@U%HBHA>&BW@&Mm1mEB>2A>QUDMmqmmZmZSEmbmmwqubo>wdwu>20mHBmQA>Om3mmxmmmmZbMNmmemmmmmH@qm4m>m0|m@MJMHwNAOw0N>m>JQOOm¢m
MOOO>H3>A>&HmBQMmz&HSbZANAOQmmqme&ZKZMHOMmwmNAHD>>O%U>mOmBB<D>>OmzmOMmmmmdeMQOEmmmﬂmmqum<m>awxQBKAMHwMAMUOm>H>AAmOm<O
mwmwwHSHdeqZHHZOxQ¢S>ZHNQUQMM>ZHZ&ZEHmmwmmw&m>mNmWO>UH¢mde<DA>Um3mmdm>m&%m%d@m>&w&<&mHOB>>m>mOsO>B>mmwm>m0mmho>>dmwo>w
hOUO>H3>E>HPmMmM&ma>3HZdwdoﬂmmEMMZmZBmewmmwmmOmQ>%OOUZZm>Hm<23>@w3m&¥mmmm&mmzzwbmmmmmmHmammmHmwwa>m>ma@2>&0w¥&2>ﬂdmmmDD

P =

= = w
¥ = I ©
=3 o o

@ ~3 o u - W 0 -
1=} =3 © o =3 =3 o o

snzL8d
ZIOW9D
z0¥asd
6%5L90
ASOOW FTHD
NYROH =THD
FSOOW SHOY
NYHOH SHOV
HWO¥A SEOY
¥D¥oL S0V

snzL8d
ZIDHID
zo¥asd
6X5L90
HSNOH ATHD
NYROH &7THD
ASOOW SEDY
NVHOH SEOY
AHOUA SHEOY
¥D¥OL SEDV

snTL8d
ZIDWOD
z03ASH
6XSL90
HSOOW HTHO
NYWOH H7THD
ASONOW SHOY
NVHOH SHOY
HHO¥Q SEDY
¥DHOL SOV

Jesseid viodsoinan woy (SNZLSD pue ZIDWD)

s7yD 12Sung om] pue (ZOUNSD) UV [RHA {6XSLI0) FUD B0 einaydoyiO (ISNOW ™ FTHD) TUdNd PUR (ISNOW ™ SIDV) FUDY ISNOW INYWNH 3THD)
JYDNg PUe (NVIWNHSIDY) JUDV uewnH ‘3YDV (INOIA SIDVY) seSoujaw eyydosolq YDV (YOOI SIDY) eapuiojies opaciof Jo swusy 1 AT9VL

163




4:17 PM Page 164

10/15/05

P08§523-Chl2

(6661 ‘TIEH) 20BHIoMUI 2IRMIOS [°(’/ UolsIaa JipFoLg Suisn paudle 1om seouanbog,

..................... FOAATIOTIIAAAIDSSSOTN IS SSMIEELNEADOEDTESIDADIITEATAMATEOSDMND TN
..................... ADADALIGAAYTIOI TUSNTEMYSOVYAD T IO IOIAOLOLATTIOHOY S VEIDSHMEMEADDID - AN
..................... TAATYAATVIAIATAOAOTADACOAYS T IS SATANTOAYLIHNAATNYDADAMAACAT - - ~X'IS
..................... HYSIONYYAIITZESADITOAL LADDOAN TATALLSAYNNADNONANAINAIIMSHEIALHMM ~ 4T
..................... HOTIIAIADINA AL TIMIOD DAY TS AT SHEINTILTANOE LS LIAMNS NODION - dH
.................... EMIYEQINOLNITAN A4S LM ED0OE I IN I H IS LN TL TANDE LS N AAAMS SNMD LEN - N
..................... OYIVEQILALYS T TIINMI YO LOVITOTEAT TN INTS A A DOV LLAIAMOSSQUdaNd
..................... ONAVIATLALYS TTMd T ENMIYO VOV TONIA T TN TATSAROOYOYLAdAMOVIAQEd ENGA

|||||||||||||||||||| SYSH -HADL ~OYMS AN TAANMISHAVY T DIV TR -AALS I L ARNAIQTASINGMED - = = ~ - = =dN
ATTATISITARL I IDASSSIOSSSTHDADVIYNTTEd TAONMIADHOAT TEOHAM NI EINTA L AN0TALLATAMI SEOSHAANAN
v o o o w » o W
o I - w o = S )
< =3 o = =3 o =) =3
HOS IAYDOMYYNNDUAYANLTD -~~~ - ASIUAIDISHAIONAEYAAL YEAYATMNDOUYYATAAHA - -DYOSHAHYIOTAID IAVAHS AVYITIVMOVYON - - DAJASEAINNSSHAINLA - ~dd

mHMHmw>3>mOE>O>4m@ZH¢OK.>>SEZ<QGQQ¢ZQM>>mm>wq|I-Om@EOQMQm>23m>4x|HO&m%OQZMZDh@DZAMdOm02>m2m0>>m0<0;xOMSUwZKQUHmmZmZ&NAZH
<4MHQMZSMHZZHMUAZQOOUBQ1|ZQGDUMM€>Mh>Dmmmh>MBEmmNHmBQmmmmezmmml|M¥MOOE>HEZMMHZU@SHQQ>MthUOGm>B>Z|mzwmhqummﬂﬂzwwhm4|zw
qq%@miwqmwm>m>>2>20m>>ED>mZOOwwmA>N>dm>wmmZ@JQM&SWB@Q>€MZmN¥HAHQOM>DUHMOZUQ&mMJMbQmﬂmdmmzwdﬂmwkxmwm>mmmmqqmmﬂdbmkmmmkﬂmﬂ
waﬂmzmzhszm&mmHmmmMHwZ>mm0qmem>mmHm>0m2>mzzmmzmJ&mmmmmmmwmmmx|mdm¢mKMmaqmmUHHZMQOH>QDA<DM>>W&m0m0q30>bwmq><m¥wAMm>Om
UHMQ&ZéBmM>HmmmdHmmmxﬁwzammmqmﬂwm>mMHNMOEZ>UEZWQZQAMmmmmmmNthmu|@2mmmMMHhMA<&UHhZNDUbbD@A@MN%meMGDD>BQHMNMAHmmxwhmm>wm
OHN&@ZHBM&ZJMOA@HMMMBHMZAW&DA&QO&HhmHthmm>wzzdm3HABmmmmmmHN4>>||wdmddm0¢QO<>&U>>mew>><mzdamqmﬁmDmmmJSDHMmA>>4mm¢QQm@Om
OHM@%ZﬂENMZQMOéhH&MMQHNZ&W&DA&HOMHmmHNwwmm>G23qa3md9m<&ﬁﬂ&>ﬁmw>»|Gdﬁﬁqmwmdaﬁ>mU>>Z$DO>>qummMAN@mDmmmazmﬁwma>>mmmddmm>om
OﬁmmmmH>¢mJZMMqumm>mmn-|mzzqmowmmwmHmDOma>OESMOSAmHmhmmﬁmww>m>-»O&M@J@O@NMZR&UHhhmDO>4meOOOZOMUmZ-|m3mBNOhHHdmmmﬂO||M@
OHMmhﬁﬁzmeHmmMQ<mmm@&%Zam&>amAwm>hMHm%wmH>wzzmmB>A2mmmmZhhquszmeHN&Z>mmEﬂmUH>ZmaO>HQQAODMZMHwZZDDSSDBNOQH>¢DQwADZ¢mm

e - I P - W e Y S w 1 w
o ~ N 0 o w 1} b o w0 @ ~
o o o o o o o o o o o =3

50ZL80
ZIDHID
z0unsd
XS LD
FSOOW FTHD
NYWOH ETHD
HSNOW SADY
NVRAH SE0V
FNONA SEOY
¥ONOL SHOY

50Z.80
ZIDHID
zo¥nsd
6XSL90
HSOOW FTHD
NVHOE HTHD
HSNOW SEOY
NVHOE SEOY
HWOYA SHOY
¥DUOL SEDVY

(panuyuos) 1 A14VL

164




I

P088523-Chl2

Elements of ChE Primary Structures Critical for Catalytic Activity as Found in Alignment of 125 ChE Structures®
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TLFGESAGAAS
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SAGAAS
L 8AGAH

TLFGESAGAGS
TLFGESAGAAS
TLFGESAGAAS
TIFGESAGAAS
TLFGESAGAGS
TLFGESAGARAS
TLFGESAGAAS

GESAGAAS
A

GESAGAAS

TIFGESAGSAS
SARSSGAETI

¥
F
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TIMG

TIFGESAGRAAS
F

TLFGESAGAYV

T
s

YGGGPF A
YGGGPF A
YGGGF A
YGGGF A
YGG&6SsS A
QGG GF A
HGGAF A
YGGGF A
YGGGF A
YGGGF A
YGGGF A
YGGGF A
YGGGF A
YGGGF A
YGGEGGF Aa
YGGGF A
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SEDCL
SEDCL
SEDCL
SEDCL
EDCL
GENCL
SEDCL
SEDCL
SEDCL
SEDCL
SEDCL
SEDCL
SEDCL
S EDCL

SEDCL
es were aligned using BioEdit version 7.0.1 software interface (Hall, 1999).

CHL2 BRATA
076998
CHLE_HORSE

CHLE HUMAN

CHLE_MOUSE
CHLE_PANTT
CHLE_RABIT

QINING

CHL1 BRALA
076989
Q90ZKS8
06MGEI2
Q872uU5
CHLE FELCA
Q9GKJTS
Q9IRCL
Q675X9_t

fi
q

missing

“One hundred cighteen AChE sequences are listed first, followed by 17 BuChE sequences. Scquences arc roughly clustered as mammals (AM... or BM...), fish (AF..), insccts (AL..), pests (AP...), worms (AW...), fungi, and virus.

BAMPHIOXUS
BAMPHIOXUS
BAMPHYOXUS
BAMPRYOXUS
BBCHICK
BFUNGUS
BEFUNGUS

BM

BM

BM

BM

BM

BM

BMHORSE
BMPIG

BMRAT
BOIKOPLEURA

Dashes i
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covering the AChE active center gorge (Biicht et al., 1994).
Lastly. Ser226 is conserved in 122 of 125 sequences.
Located in the spatial vicinity of the active Ser200 and the
other two residues of the catalytic triad, it is positioned to
be directly involved in catalytic reaction. Its substitution
with asparagine, observed in the AChE of embryonic
lethals in zebrafish (Behra et al., 2002), rendered zebrafish
ACHE inactive. Similarly, substitution of this serine with
alanine in Torpedo and mouse AChEs yielded inactive
mutants (Z. Radi¢, unpublished data). Serine at the homolo-
gous position is fully conserved in the structurally related
carboxylesterase family and in several lipases (Stok et al.,
2004). Ser247Ala and Ser247Gly mutants of rat car-
boxylesterase ES10, at a position two- and three-dimen-
sionally equivalent to Ser226 of Torpedo AChE, were found
to be only 5- to 15-fold less active than the wild-type car-
boxylesterase in hydrolysis of the substrate p-nitropheny-
lacetate (Stok er al, 2004). Rat carboxylesterase ES10
shares 31% identity and 55% amino acid sequence similar-
ity with Torpedo AChE.

Most cholinesterase sequences include at least seven
cysteines. Six cysteines are usually involved in the forma-
tion of three intramolecular disulfide loops, and the seventh
one, closest to the C-terminal end, is through intermolecu-
lar bond involved in the formation of covalent AChE
homodimers {(MacPhee-Quigley et al., 1986). Two of three
intramolecular cysteine loops have £ configuration
exposed on the protein surface. Their sequence conserva-
tion is shown in Table 3. Out of a total of 125 ChE
sequences shown in Tables 2 and 3, 120 are fully known in
the fragment Cys67-Cys94. All of them contain two cys-
teines, potentially capable of forming a disulfide loop,
whereas in the fragment Cys254-Cys265 117 ChEs out of
125 have the ability to make a disulfide loop. A high degree
of conservation of a disulfide bond within fragment
Cys67-Cys94, known as the “big ) loop” or just “Q} loop,”
is consistent with its location on top of the active center
gorge, it is the gorge the thinnest of walls that separate
from the bulk solvent. Most insects have an additional one
or two cysteines located next to () loops or between second
and third loops that most likely remain unpaired.

Several aromatic residues appear very well conserved in
cholinesterases, including tyrosines 148, 420, 421, 130, and
334; phenylalanines 187, 197, 155, 45, 448, and 476; and
tryptophanes 179, 114, 84, 233, 432, 435, and 492.

Insects carrying two AChE genes include mosquitoes
and aphids, and their sequences are shown in Table 4 in
parallel to T. californica and D. melanogaster sequences.
Clearly, two sequences found in each insect appear signifi-
cantly different. Intraspecies sequence comparisons yield
only 36-40% identity, but interspecies comparison of like
sequences within each cluster shows larger (60-99%)
identity. Both clusters of sequences have approximately
40% identity with Torpedo AChE. One of the two clusters
(the lower one in the Table 4), however, shares significantly

higher (56-71%}) identity with Drosophila AChE than the
36-40% identity shared by the other cluster. Worms can
carry up to four AChE genes, showing generally similar
(approximately 40%) intraspecies identity, with interspecies
similarity less pronounced than that observed in insects.

B. Secondary and Tertiary Structure

Several fragments in sequences of cholinesterases are likely
to form an o-helical secondary structure, as confirmed by
three-dimensional structures of both AChE and BuChE.
Obtaining three-dimensional structures of ChEs, AChEs,
and BuChEs was not trivial, however. The first studies on
the three-dimensional structure of an AChE were done
using AChE crystals obtained from protein purified from
the electric organ of the freshwater eel (Electrophorus elec-
tricus) (Chothia and Leuzinger, 1975; Schrag et al., 1988),
but insufficient quality of the electron diffraction data pre-
vented its immediate solution. An abundant source of the
enzyme and an improved purification scheme proved criti-
cal to obtain large (milligram) quantities of the enzyme pro-
tein in a state more homogeneous than that possible for
E. electricus AChE (Taylor er al., 1974) consequently the
first successful three-dimensional structure determination
was done for AChE of a saltwater fish, 7. californica, at 2.8
A resolution (original PDB code, lace; Sussman et al.,
1991). Several years later, it was realized that in the active
center of the solved AChE structure, the inhibitor
decamethonium was bound, whose electron density was
initially interpreted as an array of water molecules (Raves
et al., 1997). Decamethonium, originally used in the purifi-
cation protocol to elute AChE bound to affinity chromatog-
raphy column, remained in a complex with AChE despite
exhaustive dialysis. This results from a high concentration
of AChE in the dialysis bag, excceding the Kp of
decamethonium by several orders of magnitude. This fortu-
nate coincidence was important for the successful solution
of the T. californica AChE three-dimensional structure and
indicated that the structure of a ligand-free AChE would be
more difficult to obtain. Accordingly, the determination of
crystal structures of mammalian AChEs from mouse (PDB
code, 1mah: Bourne er al, 1995) and man (PDB code,
1b41; Kryger et al., 2000) was initially possible only in
complex with the potent inhibitor, snake venom toxin fasci-
culin 2. The first ligand-free AChE structures were obtained
later (Raves er al., 1997; Bourne et al., 2004), requiring the
use of different inhibitors for enzyme elution. Drosophila
melanogaster AChE is the only insect AChE with a known
three-dimensional structure (Harel et al., 2000).

Because of extensive glycosylation, crystallization of
BuChE was miore difficult. BuChEs typically have seven to
nine N-linked oligosaccharides, instead of the three or four
oligosaccharides found in AChEs. Only recombinant-
derived, partially deglycosylated BuChE containing five
oligosaccharides instead of nine appeared sufficiently

-
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aQpe hundred eighteen AChE sequences are listed first, followed by 17 BuChE sequences. Sequences ave roughly clustered as mamnals, fish, insects, pests, worms, fungi, and virus. Only cysteine residues are

shown, except within two ( loops. Dashes indicate missing sequence fragments. Sequences were aligned using BioEdit software interface (Hall, 1999).
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FIG. 1. Three-dimensional structures of five ChEs. (A) Overlay
of Ca backbone of all five structures. (B-F) Solvent-accessible
surfaces of individual enzymes: (B) Torpedo AChE, (C) mouse
AChE, (D) human AChE, (E) Drosophila AChE, and (F) human
BuChE. Active center gorge is indentation in the center of each
structure. Visualized by WebLabViewer software (Accelrys, San
Diego).

homogeneous for crystallization (Nachon et al, 2002;
Nicolet et al, 2003). The protein backbones of the five
mentioned ChE structures, four AChEs and one BuChE,
overlay reasonably well, with only Drosophila AChE
showing slightly larger deviations (Fig. 1A; Table 5). The
commen fold includes a twisted § pleated sheet (approxi-
mately 10 strands long) in the core of the enzyme mole-
cule, surrounded by more than 12 longer and shorter a-
helices. Such unique distribution of elements of the
secondary structure was recognized first in ChEs and
lipases and then in a number of other proteins, and it was
consequently termed the /B hydrolase fold (Cygler et al.,
1993). Catalytically active residues in enzymes belonging
to this fold are located almost in the center of a globular
protein, at the bottom of a narrow, approximately 20 A
deep active center gorge. The shape and size of the gorge
are similar in Torpedo, mouse, and human AChEs, but
despite similarity in the backbone fold, the respective vol-
umes of gorges in human BuChE and Drosophila AChE
are approximately 50-100% larger and 50% smaller than
in mammalian and fish AChEs (Harel et al., 2000; Saxena
et al., 1999). This significant structural difference likely
affects the ability of ChEs to effectively hydrolyze ACh
(Fig. 2). Hydrolysis appears more efficient in the active
center gorges of fish and mammalian AChEs than in either
the smaller volume gorge of Drosophila AChE or the
larger volume gorge of BuChE.

To date, 61 cholinesterase structures have been deposited
in the Protein Data Bank. Forty are of T. californica AChE,
nine of mouse AChE, three of Drosophila AChE, two of
human AChE, and seven of human BuChE. Overlaying of all
Torpedo AChE structures reveals exceptional similarity in
their protein backbone (Fig. 3A) and even in their side chain
conformations (Fig. 3B). The mean value of the root mean
square (RMS) deviation of the 40 Torpedo AChE structures
from the alpha carbon trace of the highest resolution (1.8 A),
unliganded lea5 structwre is only 0.26 = 0.10 A. Twelve

TABLE 5. Structural Pairwise Overlays of Five Unliganded ChE Stn.lu:turesa

RMS (Ca backbone) ()
Torpedo Mouse Drosophila

PDB  Resolution californica AChE - Human melanogaster Human
ChE ID No. A) AChE ChainA Chain B AChE AChE BuChE
Torpedo californica AChE  1ea5 1.8 0 0.76 074  0.87 1.2 0.95
Mouse AChE 1j06 24 0.76 (chainA) 0 0.24  0.56 (chain A) 1.2'(chain A) 0.86 (chain A)

0.74 (chainB)  0.24 0 0.55 (chain B) 1.2 (chain B) 0.86 (chain B)
Human AChE 1b41 2.8 0.87 0.56 057 0 1.2 0.88
Drosophila 1q09 2.7 1.2 1.2 1.2 1.2 0 1.1
melanogaster AChE

Human BuChE 1p0i 2.0 0.95 0.86 086  0.88 L1 - 0

“Only Cox backbone atoms were used in pairwise alignments. Sequences were overlaid and RMS was calculated using SwissPDBViewer version 3.7 software

interface.
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FIG. 2. Activity of ChEs (expressed as k., as a function of
substrate acetylthiocholine (ATCh) concentration. Curves (except
for DAChE) were calculated using Eq. (1) and literature values
of catalytic constants: hAChE and hBuChE from Kaplan ez al.
(2001), TAChE from Radic et al. (1992), and mAChE from Radic
et al. (1993). The DAChE curve was calculated using the equation
and data from Stojan er al. (1998). All constants were determined
at room temperature except for hAChE and hBuChE, which were
determined at 27 °C, contributing to relatively higher k., values
compared to TAChE, mAChE, and DAChE.

unliganded AChEs are only slightly more similar to the lea5
with a mean RMS value of 0.20 + 0.08 A compared to an
RMS of 0.28 = 0.10 A for the remaining 28 liganded struc-
tures. This is further emphasized in complexes of mouse
AChE, in which RMS variation between subunits of the same
structure (mean RMS, 0.25 A) appeared even slightly larger
than RMS deviation between the same protein chains of dif-
ferent structures (mean RMS, 0.21 A), indicating that the
effect of packing identical subunits within the same structure
perturbed the backbone conformation more than the presence
of bound ligand. Even structures containing ligands forming a
covalent bond with the AChE active serine did not differ in
their RMS from noncovalent ones. The high degree of simi-
larity and small RMS values found also for mouse and
Drosophila AChEs and human BuChE suggest that binding of
ligands to cholinesterases in general is not associated with
large conformational changes of the protein backbone.
However, dimensions of substrate molecules appear similar to
or larger than the size of the AChE gorge that they need to tra-
verse on the way to the active serine at its bottom. The tight
entry of a substrate molecule into the narrow site of catalysis
in the active center is thus possibly facilitated by a series of
fast, small amplitude side chain motions, occurring repeatedly
at time intervals far shorter than the catalytic cycle. The
absence of structural evidence of large backbone movements
in AChE structures may therefore result from evolutionary
pressure to achieve and maintain their very fast catalytic
turnover. Every AChE molecule (depending on the species)
can turn over between 200 and 16,000 molecules of ACh
every second or 1 molecule in as short as 63 psec (Nolte

—4—

175

FIG. 3. Overlay of 40 Torpedo californica AChE structures
using only Ca backbone atoms, (A) Trace of Ca backbone atoms
with combined volume of all ligands found in structures repre-
sented as a solvent-accessible surface. (B) Representation of
all enzyme atoms found in 40 overlaid structures. Structures were
overlayed using SwissPDBViewer software. Visualized by
‘WebLabViewer software (Accelrys, San Diego).

4




P088523-Chl2 10/15/05 4:17 PM Page 176

o

176 SECTION HI - Esterases, Receptors, Mechanisms, & Tolerance Development

FIG. 4. Topography of binding sites in ChEs represented by
selected residue side chains of Torpedo AChE structure. A
molecule of ACh docked in the active center (taken from PDB
entry 2ACE) and shown as solvent-accessible surface is given as
a frame of reference. Binding sites are acyl pocket (residues

288 and 290), choline binding site (residues 84 and 330), and -

peripheral site (residues 70, 72, 121, and 279). Visualized by
WebLabViewer software (Accelrys, San Diego).

et al., 1980). Continuous repetition of backbone movements
would possibly require both more time and more energy
invested per each hydrolytic cycle. These molecular motions
have to be fast enough to allow diffusion-limited binding of
relatively large ligands. Catalytic tumnover of BuChEs is
slower despite the much larger opening and larger volume of
the active center gorge. Due to the absence of aromatic amino
acid side chains lining the AChE gorge, approximately 20
water molecules found in either of the structures or substrate
molecules may be retained along the gorge walls by hydrogen
bonding and electrostatic interactions, This could inherently
slow down catalysis, which may be even slower in the more
water-accessible, and thus less hydrophobic, catalytic site of
BuChE. Most of the volume of the AChE active center gorge
seems to be well accessible to ligand binding judging from
the combined volurse of all ligands in active center gorges of
40 superimposed Torpedo AChE structures totaling approxi-
mately 1100 A3 (Fig. 3A) and filling practically 1000 A3 of
the available gorge space (calculated by CASTp software;
Liang et al., 1998).

1. TOPOGRAPHY OF BINDING SITES IN ChES
In the immediate vicinity of catalytic triad residues at the
base of the active center gorge, just above the active serine,
is located the electrophilic oxyanion hole, which has the
capacity to attract carbonyl oxygen of ACh and other sub-
strates as well as phosphyl oxygen of covalent, OP
inhibitors. Three backbone nitrogens well conserved
throughout the cholinesterase family (Table 2) form the
oxyanion hole, lending their amide protons for the interac-
tion. In oxyanion holes of proteases, only two donor
residues are involved. Site-directed mutagenesis of AChEs
and use of substrates and inhibitors specific for interaction
with either AChE or BuChE helped delineate specific loca-
tions of additional ligand binding sites within the enzyme
gorge (Shafferman er al, 1992a; Vellom et al, 1993;
Ordentlich er al., 1993; Radi ef al., 1993). The acyl pocket
and the choline binding site are located next to the active
serine, at the base of the active center gorge (Fig. 4), con-
trolling the size of ligands that can approach the site of
catalysis. The space available for binding is generally
smaller in AChEs in which several aromatic residues (14 in
fish and mammalian AChEs; Sussman et al., 1991) line the
walls of the gorge. In the acyl pocket, inplace of phenylala-
nines Phe288 and Phe290 found in AChEs smaller aliphatic
residues are found in BuChEs, whereas in the choline bind-
ing site Phe-330 (many AChEs have tyrosine at this posi-
tion) in BuChEs is replaced by alanine (Table 6). The
smaller residues and larger available space in BuChE
enable preferential binding of the large substrates butyrylth-
iocholine and benzoylcholine in the acyl pocket and large
inhibitors ethopropazine and isoOMPA in the choline bind-
ing site and acyl pocket, respectively. Some mutant insects
(mosquitoes and flies) that developed resistance to pesti-
cides have amino acid residues altered in this region in their
AChEs, selectively preventing binding of pesticides to
active serine while not compromising catalysis (Menozzi
et al., 2004). In addition to the choline binding site and acyl
pocket in the third binding domain of cholinesterases, the
peripheral site located at the rim of the gorge, approxi-
mately 14 A from the active serine. Formed by Tyr70,
Tyr121, and Trp 279, this aromatic cluster specifically
binds cationic and aromatic inhibitors that are too large to
enter the gorge, such as propidium, gallamine, or snake tox-
ins fasciculins (Bourne er al., 1995, 2004), or long and
slender bisquaternary ligands that extend from the bottom
of the gorge, such as BW286¢51, decamethonium, and a
variety of bifunctional ligands including bis-tacrines, bis-
huperzines, and very high-affinity triazoles (Lewis et al.,
2002; Bourne et al., 2004). In the vicinity of the aromatic
cluster is Asp72, a specifically located anionic residue lend-
ing its stabilizing contribution to ligands binding to the
~6 A proximal peripheral site and/or ~8 A distal choline
binding site. Devoid of an aromatic cluster in the peripheral
site, BuChEs bind most bisquaternary and bifunctional
inhibitors with three or four orders of magnitude lower

——
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TABLE 6. Elements of ChE Primary Structures Involved in Ligand Binding as Found in Alignment of 125 ChE Structures?

Segquence Peripheral site Choline binding site Acyl pocket

™ (=) m < [=4 ~y «© a O
D SwissProt code g R 3 N o " > P ~ I
AM ACES_BOVIN Y D Y W vV Y W Y F W F R F
AM ACES_FELCA Y D Y w vV Y W Y F W ¥F R F
AM ACES_HUMAN Y D Y W vV Y W Y F W F R F
AM ACES _MOUSE Y D Y W vV Y W Y F W F R F
AM ACES_RABIT Y D Y W vV Y W Y F W F R F
AM ACES_ RAT Y Db Y W vV Y W Y F W F R F
AMHUMAN?2 Q86YX9 Y D Y W - - W - - W F R F
AMHUMANyt Q86TMS Y D Y W vV Y W Y F W F R F
AMONKEY Q67BC1L Y D Y W vV Y w Y F W F R F
AMONKEY Q67BC2 Y D Y W vV Y W Y F W F R F
ABCHICK ACES CHICK M D T G vV Y W Y F W F R F
ACBRIGSAE ACE4_CAEBR T D Y w I Y W Y W W L E F
ACBRIGSAE QINDG9 G D W W I Y W F W W L E F
ACELEGANS 061459 G b W W I v W F W W L E F
ACELEGANS 061372 T D Y i I Y W Y W W L E F
AF ACES_TORCA Y D Y W L Y W F F w F R F
AF ACES_BRARE F D Y W L Y W Y F W F R F
AF ACES_ELEEL Y D ¥ W I v W Y F \i F R F
AF ACES_TORMA Y D Y W L Y W F F W F R F
AHAGFISH ACES_MYXGL - - A G I Y - F F W F R F
ASNAKE ACES_BUNFA M D Y W I v W Y F W F R F
ASPIDER Q86CzZ4 Vv D W E vV Y W Y F W vV E F
ASQUID 097110 G Db Y W T Y W Y I W S Q F
AVIRUS Q5URO2 E K I T Y N v F v Y G I N
ATAPHID Q6KAV3 I b Y W F Y W Y F 4 CcC F F
AIAPHID QEKAV4 I D Y W F Y W Y F W ¢ F F
ATIAPHID : Q8T7US E Y M W L Y W Y F Y L G F
ATAPHID Q65YU0 E Y M W L Y W Y F W L G F
AIAPHID Q65%Z60 I D Y W F Y W Y F w ¢ F F
AIAPHID Q65Z62 I D Y W F Y w Y S w C F F
ATAPHID Q65Z63 I D Y W F Y w Y F \ ¢ F F
ATIAPHID Q66875 E Y M W L Y w Y F W L G F
ATAPHID Q66878 E Y M W L Y w Y F W L G F
AIAPHID Q8MV35 I D Y W F Y W Y F W CcC F F
ATAPHID Q6BCHS I D Y \ F Y W Y S W cC F F
ATAPHID Q8MV3e E Y M W L Y W Y F w L G F
ATIAPHID Q6KAVS I D Y W F Y W Y S W ¢ F F
ATAPHID QIBMJIL I D Y W F Y W Y S W C F F
AIAPHID Q7YZQ0 E Y M W L Y W Y ¥ W L G F
ATAPHID Q7YZP9 - - M W L Y - Y F W L G F
AIBEE QI9GQP7 E Y M W L Y W Y F W L G F
AIBEETLE ACES_LEPDE E Y M W L Y W Y F W L G F
ATIBOLLWORM Q8EQWS E Y M W L Y W Y F W L G F
ATBOLLWORM Q8MX8S E Y M W L Y W Y F W L G F
ATBUDWORM Q5RLHS E Y M W L Y W Y F w L G F
ATICULEX Q75VX9 I D Y W I Y w Y F w C E F
AICULEX Q75vY0 E Y M W L Y W Y F i L G F
AIFLY P91954 ‘E Y M W L Y W Y ¥ W L S F
AIFLY ACES_DROME E Y M W L Y W Y F W L S F
AIFLY Q8MXC4 E Y M W L Y W Y F W L S F
AIFLY Q95P20 E Y M W L Y i Y F W L 8 F
AIFLY Q7YZP7 E Y M W L Y W Y F W L S F
ATIFLY Q8MXCS8 E Y M W L Y W Y F W L S8 Y
AIFLY Q8MVZ4 E Y M W LY W Y F W L G F

(continues)
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TABLE 6. (continued)
Sequence Peripheral site Choline binding site Acy! pocket

Ll o0 m o Ll ™ 00 o O

ID SwissProt code 2 & 5 & ma > - « Y
ATIFLY Q8MXCY E Y M W L Y W Y ¥ W L S Y
ATIFLY Q95WV7 E Y M w L Y W Y F W L S Y
ATIFLY Q7YWI9 E Y M W L Y W Y F W L 8 Y
AIFLY Q8MUS4 E Y M W L Y W Y F W L & Y
AIPLY Q8MXC5 E Y M W L Y W Y F W L G F
AIFLY Q8MXC6 E Y M W L Y W Y F w L 8 X
ATIFLY Q8MxC7 E Y M W L Y W Y F w L S8 F
ATFLY Q7YZP8 E Y M W L Y W Y F W L 8§ X
ATHOPPER Q5W1L0 E Y M W L Y W Y F W L G F
ATHOPPER QINJTHE E. Y M W L Y W Y F W L G F
AIMOSQTO ACE1_ANOGA I D Y w I Y W Y F W ¢ E F
AIMOSQTO ACES_ANOST I D Y W I Y W Y F w ¢ E F
AIMOSQTO ACES CULPI I D Y w 1Y W Y F W ¢ E F
ATIMOSQTO Q5X1.61 I D Y w I Y W Y F W CcC E F
ATMOSQTO QE6A2E2 I D Y W I Y W Y F W ¢ E F
ATMOSQTO Q7RTLY E Y M w L Y W Y F W L G F
ATIMOSQTO Q9TX11 E Y M w L Y W Y F W L G F
AIMOSQTO Q7RTMO E Y M w L Y W Y F W L G F
AIMOTH Q8MZL2 E Y M W L Y W Y F W L G F
AIMOTH Q58579 I D Y W L Y W Y F W ¢ E F
AIMOTH QB8MZMO E Y M W L Y W Y F W L G F
APBOOPHILUS 061987 vV D Y T QY W w i W vV D F
APCIONA Q7RTL6 I D Y W L Y W Y 'F W F D F
APCIONA QTRTL7 E D Y w I Y w Y F W F D F
APFLUKE Q71805 P D Y D L Y W Y F W F 8§ V
APFLUKE Q71807 P D Y D L Y W Y F W F 8 V
APFLURKE Q86CGLS P D Y D L Y 14 Y F W F 8 V
APTICK Q6XR73 L D ¥ P QY W W F W vV D F
APTICK 061864 vV D Y T QY W W F w vV D F
APTICK QONFK1 v D Y T QY W W F w vV D F
APTICK Q6WVH4 v D Y T Q Y w W F w vV D F
APTICK QINFK4 Vv D ¥ T Q Y W W F W I D F
APTICK QINFK2 ¢ Q 8 N F Y P Y F I H A L
APTICK 045210 G V Q A Y T w N I G - - -
APTICK Q9NFK3 G V Q A Y 7T W N I G - - =
APTICK Q6XR74 G V Q A Y T W N I G - - =
APTICK Q6XR75 G V Q A Y T W N I G - - -
APTICK 062563 G V 0 A Y T W N I G - - -
AW ACE1l_CAEBR s D W W T Y W Y F W G D F
AW ACEl_CAEEL S D W W T Y w Y F W G D F
awW 061371 T D F D P Y W Y oW W M T F
AW 061378 T D F D P Y W Y W W M T F
AW 061587 T D F N P Y W ¥ W W M E W
AW 096529 s D W W v Y w Y ¥ W A D F
AW Q6QDP4 T D F D P Y W Y W W M T F
AW Q6QDPS T D F G P Y W F W W M S F
AW Q6XPY6 T D F D P Y W Y W W M T F
AW Q9XYA9 S D W w vV Y W Y ¥ W A D F
AW Q71JB7 S D Y D P Y W Y W w M D F
AW Q86GL7 T D F S P Y W F w W M S8 F
AW QoU640 s D F N P Y w F w W M E W
AW Q967G8 T D F I P Y W F w w M E W
AW Q8IT86 F D F A P Y W F F W L T F
(continues)

ks
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TABLE 6. (continied)
Sequence Peripheral site Choline binding site Acyl pocket

— N m < Ll ™M © a O

D SwissProt code 2R3 N = om > - m ~ & 8
AW QI9GPLO T D F Y P Y W F W W M S F
BAMPHIOXUS CHL1 BRALA - - F W vV Y - F W W A D I
BAMPHIOXUS CHL2 BRALA - - M 1 L Y - Y F W ¢ Q F
BAMPHYOXUS 076998 A D F W vV Y W F W W A D I
BAMPHYOXUS 076999 L D M W L Y W Y F W ¢ @ F
BBCHICK Q90ZK8 L D E v vV Y w S F W L H I
BFUNGUS QO6MGI2 Q A N G G F G G G - P I Y
BFUNGUS Q87205 D D N K P R C M F A v T W
BM CHLE_FELCA N D Q L vV Y W A F W L 8 V
BM CHLE HORSE N D Q \' vV Y W A F w L s V
BM CHLE_HUMAN N D Q A vV Y W A F W L s Vv
BM CHLE_MOUSE N D Q "R v Y \ A F w ‘'L 8 I
BM CHLE_PANTT N D Q L VvV Y W A F \4 L S V
BM CHLE RABIT N D Q v vV Y W A F W L S Vv
BMHORSE QININS N D Q \Y vV Y w A F W L S Vv
BMPIG QI9GKJI6 - - Q v vV Y - A F W L s V
BMRAT Q9JKC1 N D Q bd vV Y W . A F W R S I
BOIXKOPLEURA Q675X9 G T N Y T G o] Y F Y A N Y

“One hundred eighteen AChE sequences are listed first, followed by 17 BuChE sequences. Sequences are roughly clustered as mammals, fish, insects,
pests, wonms. fungi, and virus. Dashes indicate missing sequence fragments. Sequences were aligned using BioEdit software interface (Hall, 1999).

affinity than AChEs (Radi¢ et al., 1993), whereas the affin-
ity of fasciculins is up to eight orders of magnitude weaker
than in corresponding AChEs (Radi¢ et al., 1994). The
absence of the aromatic cluster does not critically influence
ACh hydrolysis in BuChEs, and its substitution with
aliphatic residues in AChEs does not seem to affect cat-
alytic parameters; however, substitution of Asp72 has a pro-
nounced effect on substrate K, in both AChEs and BuChEs
(Shafferman et al, 1992b; Radi¢ er al., 1993; McGuire
et al., 1989; Masson et al., 1997). The BuChE variant con-
taining Asp70Gly substitution (corresponding to the Asp72
position in Torpedo AChE) is naturally occurring in the
human population. Individuals with Asp70Gly mutation
appear unable to hydrolyze the muscle relaxant suc-
cinyldicholine efficiently and thus experience life-threaten-
ing apnea lasting from a few minutes to several hours.
Binding of ligands to the various sites in Torpedo and
mouse AChEs seems to have a comparatively small effect
on the overall fold of the enzyme structure (Figs. SA and
5B), the exception is the largest peripheral site ligands —
fasciculin that consistently cause the largest RMS devia-
tions of the Ca fold (Figs. 6A and 6B) due to more than a
1100 A2 contact area in the complex. The increased RMS
was thus the cumulative result of a larger number of small,
sub-Angstrom shifts associated with residues of the large
£ loop (Cys67-Cys94). The loop was slightly, but notica-
bly (Figs. 5A and 5B), pressured by fasciculin into the
space of the active center gorge. The Phe330 of the active
center choline binding site, however, consistently and sig-

nificantly changes its side chain conformation in all struc-
tures recorded to date, both in Torpedo and mouse AChEs
(in which it is replaced by Tyr). Its unique position at the
base of the gorge allows it to regulate available space for
ligand binding by rotating around its Ca—Cp bond (Figs.
5C and 5D). Tacrine and its derivatives in Torpedo, mouse,
and Drosophila structures are stabilized by an aromatic
“sandwich” between Trp84, which is always fixed in the
same conformation at the very bottom of the gorge, and
Phe330 (or its Tyr equivalents in mouse and Drosophila).
The latter residue assumes conformation roughly parallel
to Trp84, thereby closing access to the lower part of the
gorge. When bisquaternary ligands, decamethonium and
BW286c51 are bound, the position of the Phe330 ring is
nearly perpendicular to Trp84. thus opening the full length
of the gorge. In the immediate vicinity of Phe330 lies cat-
alytic triad His440. Tt has been implicated that this histi-
dine might be “mobile” during catalytic reaction — that is,
that it can repetitively revert between two or more confor-
mational states during catalysis. The structural evidence of
one of these hypothetical states is given in the three-
dimensional structure of the “aged” VX phosphonylated T.
californica AChE with the nerve agent VX (Millard et al.,
1999) (Fig. 7A). The analogous crystal structure solved
with VX phosphonylated and aged human BuChE, how-
ever, did not reveal any movements in the His of the
catalytic triad (Nachon et al., 2005). The largest conforma-
tional change in the peripheral site was observed in the
complex of the tightest binding triazole, the femtomolar

6




P088523-Chl2 10/15/05 4:17 PM Page 180 $

180 SECTION 1l - Esterases, Receptors, Mechanisms, & Tolerance Development

FIG. 5. Variations in conformations of “ligand-bound” and free AChEs found in 40 Torpedo californica structures and 18 mouse AChE mole-
cules extracted from nine structures. Ligands found in overlaid structures are presented as dark sticks. Slight movement of the € loop covering
bound ligands was found in complexes of both AChEs with fasciculin 2. (A) Torpedo californica overlay. (B) Mouse AChE overlay. Side chain
conformers of (C) Phe330 in Torpedo AChE and (D) Tyr337 in mouse AChE found in overlaid structures. Visualized by WebLabViewer software
(Accelrys, San Diego).
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FIG. 7. Conformational changes of AChEs found in
(A) Torpedo AChE-DFP aged adduct. DFP is covalently atta-
ched to the active Ser200. The gray ribbon and selected side
chain sticks represent unliganded Torpedo AChE structure.
Aged DFP-AChE adduct is shown as black ribbon and sticks.
(B) Mouse AChE conformations of Trp286 found in the periph-
eral sites of triazole syn-TZ2PA6 liganded (two conformations)
and unliganded or liganded with other ligands (16 conforma-
tions). Visualized by WebLabViewer software (Accelrys, San
Diego).

inhibitor syn-TZ2PA6 and mousc AChE (Bourne ef al.,
2004). Trp286 (Trp279 in Torpedo) flips in that structure
by approximately 120° (Fig. 7B) to enable a tight fit of the
phenantridinium moiety of syn-TZ2PA6 in another “‘aro-
matic” sandwich between Trp286 and Tyr72 (Tyr70 in
Torpedo). A substantial change in the backbone conforma-
tion has been reported in only two AChE structures, in
both cases on the same acyl pocket loop (Trp279--Ser291).
In the structure of Torpedo AChE phosphorylated by diiso-
propy! fluorophosphate (DFP) (Millard ef al., 1999), and
then aged, DFP is partially dealkylated, having only one of
two isopropoxy groups bound to phosphorus. To fit
between two phenylalanines of the AChE acyl pocket
(Phe288 and Phe290), the remaining isopropoxy group had
to distort its backbone, causing the extended cationic side
chain of Arg289 to flip by almost 90° (Fig. 7A), facing the
entrance of the gorge and incoming ligands. An even larger
acy! pocket loop conformational change was reported for
the complex between Torpedo AChE and a bifunctional
galanthamine derivative (Greenblatt et al, 2004).
Positioning of the ligand in this complex caused the acyl
pocket loop (Trp279-Ser291) to assume a severely disor-
dered and poorly defined conformation that was not
included in the crystal structure coordinates.

C. Quaternary Structure

Genetic information encoding AChE protein as docu-
mented for variety of species is contained in one gene,
except for some insects and worms, carying multiple
genes for AChEs of BuChEs. The myriad of molecular
forms includes covalent homodimers, either soluble or
through a - glycophospholipidinositol anchor attached
covalently to mostly erythrocyte membranes; homote-
tramers formed as noncovalent dimers of covalent

4
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dimers; and “readthrough” monomers expressed only
during development and in mouse brain under stress as
well as heteromeric associations of tetramers with struc-
tural peptides ColQ and PRIMA found in mammalian
muscle and brain, respectively (Massoulie et al., 1993;
Taylor and Radi¢, 1994; Massoulie, 2002). All molecular
forms contain identical catalytic subunits. Slightly differ-
ent are C-terminal sequences that dictate oligomerization
and cellular disposition of subunits. Sequence divergence
of C-terminal end is achieved through 3’ alternative
splicing of mRNA (Gibney et al., 1988). Additional alter-
native splicing at the mRNAs 5 end was reported in tick
AChEs (Baxter and Barker, 1998; Xu et al., 2003) but
without affecting the sequence of the mature protein. In
the vertebrate nervous system, AChE is found in
tetrameric form associated through C-terminal peptides
forming a four-helix amphipathic bundle around ColQ or
PRIMA peptides. The regularly spaced Trp residues at
the C-terminal (WAT domain) intercalate between Pro
residues of PRAD (proline-rich amphipathic domain) and
ColQ or PRIMA as described in a structural study on
the WAT/PRAD tetramerization domain (Dvir er al.,
2004) showing four parallel helices of WAT supercoiled
around the antiparallel helix of PRAD. The naturally
occurring monomeric form of fetal bovine serum AChE,
unlike the naturally occurring tetrameric form of fetal
bovine serum, has a modified C-terminal end sequence,
thus compromising its formation of tetramers (Saxena
et al., 2003).

TIL. ChE VARIANTS IN THE HUMAN
POPULATION

Numerous structural variants of BuChE in humans consist-
ing of one amino acid substitutions or frameshift mutations
have been well documented in the literature (Kalow, 2004).
Individuals carrying structural variants of very low or no
BuChE activity in their tissues appear normal and are at
risk only if given the muscle relaxant succinylcholine in
preparation for surgery. On the other hand, variability of
ACHE structure in the human population is only starting to
be discovered. To date, only approximately 13 single
nucleotide polymorphisms (SNPs) have been identified in
the AChE encoding DNA in the human population (Hasin
et al.; 2004). Eight are synonymous and they do not alter
the protein sequence, and five cause amino acid substitu-
tions in mature AChE protein. Substitutions are positioned
on the AChE surface (Fig. 8) and are not likely to affect its
catalytic function, but the ability of monomers to associate
with other molecules may be influenced. In particular, SNP
resulting in substitution located close to the C-terminal end
(Pro561Arg in the mature human AChE sequence) could
influence tetramerization of AChE and its anchoring in
nervous tissue.

4




P088623-Chl2 10/15/05 4:17 PM Page 182

.

182 SECTION il - Esterases, Receptors, Mechanisms, & Tolerance Development

FIG. 8. Variants of AChE structure, resulting in amino acid sub-
stitutions of the mature protein, found in the human population
(data from Hasin et al., 2004). Sites and types of substitutions are
labeled on the gray ribbon, with a molecule of ACh shown as a
gray surface, docked in the active center. The fifth identified sub-
stitution, Pro561Arg located at the very C-terminal end, is not
shown because the known three-dimensional structure extends
only through residue 542. Visualized by WebLabViewer software
(Accelrys, San Diego).

A. Reaction of Cholinesterases with Substrates

The kinetics of substrate hydrolysis by both AChEs and
BuChEs deviates from Michaelis-Menten kinetics. As
implicated in Fig. 2 for acetylthiocholine, only at substrate
concentrations lower than 1 mM does the rise in enzyme
activity follow Michaelis—-Menten kinetics. At higher con-
centrations, AChE activity decreases, inhibited by the
excess substrate, whereas BuChE activity increases, acti-
vated by the excess substrate. Hence, the terms substrate
inhibition and substrate activation are respective hallmarks
of catalysis by AChE and BuChE. Both phenomena can be
simply described as a consequence of the formation of a
ternary complex between the enzyme and two substrate
molecules and thus as an allosteric phenomenon. The ter-
nary complex in AChE has reduced or no activity compared
to the Michaelis—Menten cornplex, whereas it appears more
active in BuChE hydrolysis. It is important to emphasize
that this is a substrate-specific phenomenon. Not all AChE
and BuChE substrates exhibit substrate inhibition and sub-

strate activation, respectively. A unique and simple reaction
scheme can describe both kinds of interactions:

E + S===ES —>E+P
+ +
S S

Kssn Kss “/
bk

SE + $ ==——=SES—>SE+ P

where E and § stand for the free enzyme and substrate mol-
ecules respectively; ES is the Michaelis—-Menten complex;
SE is substrate bound to an allosteric, peripheral site on
the enzyme; and SES is the ternary complex having one
substrate molecule bound to the active center and the other
to the allosteric, peripheral site. K is the dissociation
constant for substrate bound to an allosteric, peripheral
site, and k., and bk, are turnover numbers for the
Michaelis—-Menten complex and the ternary complex,
respectively.

K, constants for ChEs are always larger than K. Thus,
the previous reaction scheme differs from the simple
Michaclis-Menten scheme in the assumption that S can
bind to more than one site on the enzyme, influencing the
enzyme turnover by the factor b When b = 1, the reaction
kinetics is indistinguishable from Michaelis—Menten kinet-
ics and binding of S to the allosteric, peripheral site appears
kinetically “silent.” When b < 1, the enzyme is inhibited by
excess substrate as most frequently found for hydrolysis of
ACh or acetylthiocholine by AChEs. The relationship
between enzyme activity and the log of the substrate con-
centration (Fig. 2) a bell-shaped, indicating substrate inhi-
bition. When b > 1, the enzyme activity is increased by
excess substrate, as found for hydrolysis of ACh or
acetylthiocholine by BuChEs, and the relationship between
enzyme activity and the log of the substrate concentration
appears as a double sigmoidal substrate activation curve

“(Fig. 2). The kinetic equation derived from the previous

scheme summarizes these relationships as follows (CF.
Radic er al,, 1993):

v = V(A + bSVK (1 + [SVK:-)A + Kn/[SD] (1)

where v is the enzyme activity at concentration of substrate
[S], V is maximal activity of the enzyme, K, is the
Michaelis—-Menten constant, and K is the dissociation con-
stant for substrate bound to the allosteric, peripheral site of
the enzyme.

Although the previous relationships hold for most
ChEs, there are exceptions. Drosophila AChE, for example,
exhibits slightly more complex catalytic behavior in which
some substrate activation is observed at low substrate con-
centrations in addition to substrate inhibition observed at
millimolar substrate concentrations (Fig. 2) in the same
reaction profile. In order to describe the reaction mecha-
nism more precisely in that case, a more complex reaction
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mechanism has to be assumed (Stojan et al., 1998, 2004).
The molecular basis for this complexity is likely related to
the fact that the geometry of the active center gorge in
Drosophila AChE differs significantly from the gorge
geometries of other AChEs and BuChEs.

B. Reaction of Cholinesterases with Inhibitors

The vast majority of molecules that inhibit ChE activity are
either reversible inhibitors or “progressive,” “irreversible”
covalent inhibitors.

1. REVERSIBLE INHIBITORS
Reversible inhibitors form noncovalent complexes with the
enzyme at the bottom of the active center gorge, at the
peripheral site at its rim, or they span between the two sites.
Association rates of most reversible inhibitors with ChEs
are diffusion limited, and traversing the path leading to the
base of the enzyme active center gorge does not slow down
their entry. The binding equilibrium for those complexes is
established rapidly, and only the magnitude of their dissoci-
ation rates controls their binding affinity, with dissociation
constants usually found in the micromolar to nanomolar
range (Radi¢ and Taylor, 2001). '

A separate group of reversible ChE inhibitors — fasci-
culins, triazoles, and trifluoroacetophenones — dissociate
from enzyme very slowly (requiring hours, days, or weeks
for complete dissociation) while maintaining very fast, dif-
fusion-limited association rates. Affinities of these tight
binding inhibitors are exceptionally high, with Kp, constants
in the low pM and fM range. Fasciculins are a family of
peptidic toxins from snake venom (Fasciculinl, Fasciculin2,
and Fasciculin3) (Marchot et al., 1993), 61 amino acids long
with a characteristic three-finger shape. The central finger
enters halfway into the AChE active center gorge, blocking
access to the active serine, whereas the bulk of the toxin
molecule resides at the enzyme peripheral site (Bourne
et al., 1995; Harel er al., 1995). The mechanism of inhibi-
tion combines steric blockade with allosteric components
(Rosenberry et al., 1999; Radic and Taylor, 2001).

Triazoles are a family of small molecule inhibitors
designed by the “in situ” cycloaddition reaction between
azide and acetylene building blocks in the AChE active cen-
ter gorge (Lewis er al,, 2002; Krasinski er al, 2005;
Manetsch er al., 2004). The enzyme is exposed to a library
of building blocks, and the tightest binding products
prdominate in the gorge. This exceptional strategy for the
design of high-affinity ligands yielded multiple inhibitors
with femtomolar Kp in a single round of screening from a
small library of building blocks having high nanomolar to
micromolar Kgs. The triazole inhibitors are bifunctional,
spanning the peripheral site and the active center (Bourne et
al., 2004), but the triazole ring, formed in the cycloaddition
reaction, contributes to binding affinity as a separate phar-
macophore as well (Manetsch et al., 2004).

In contrast to the previously discussed noncovalent but
slowly dissociating inhibitors, trifluoroacetophenones are
reversible ChE inhibitors that covalently bind to the active
serine but maintain the same structure upon dissociation
from the enzyme (Nair ef al, 1994). Their structure re-
sembles “extended” reactive conformation of ACh, mimick-
ing the transition state in its reaction with ChEs.
Trifluoroacetophenones share three points of stabilization
with the enzyme. In addition to the formation of a covalent
bond between the active serine and carbony! carbon of a tri-
fluoroacetophenone, its carbonyl oxygen is stabilized in the
oxyanion hole and the positive charge of quaternary nitro-
gen is stabilized through cation-1 interactions by aromatic
residues of the choline binding site (Harel ez al., 1996).

2. PROGRESSIVE, IRREVERSIBLE ChE INHIBITORS
These inhibitors are substrates of ChEs that deacylate
extremely slowly from the active serine, thus causing pro-
longed occupation of the enzyme active center and its
inability to hydrolyze acetylcholine (Aldridge and Reiner,
1972). OPs and CMs are common irreversible inhibitors of
ChEs and are frequently used as pesticides (Taylor, 2005).
In some pesticides, such as malathion and parathion, speci-
ficity of inhibition of insect AChE is achieved by in vivo
oxidation of the pesticide by cytochrome P450 forming the
active oxon {malaoxon and paraoxon). Some OPs are also
used as nerve warfare agents. Similar to pesticides, nerve
agents are usually small neutral esters of organophosphoric
or organophosphonic acid that are prone to be volatile and
efficiently penetrate tissues. Upon initial phosphorylation
or phosphonylation of the active serine, many OPs undergo
an additional reaction called aging (Barak er al, 2000).
Aging is a loss of an additional alkyl substituent group of
an OP-inhibited enzyme that renders inhibitory OP moiety
negatively charged (Aldridge and Reiner, 1972):

o .
p i aging 0o
ACHE + ReO-F-O-R, =2 ACKE-0-}-O-R; —> ACHE-OP-0 +R;
R OR; +R; OR,
hydrolysis il‘lzo
¢

H
ACHE + HO-F-O-R,
OR,

Although catalytic activity of phosphorylated or phos-
phonylated enzymes can be restored by spontaneous dea-
cylation in water or by using nucleophiles stronger than
water, such as oximes, means of reactivating aged enzyme
have not been demonstrated. Aging of nerve agents such
as soman is very fast and occurs in minutes, whereas
aging of pesticides such as paraoxon or ethyldichlorvos
can take days to complete (Nachon et al., 2005; Aldridge
and Reiner, 1972).

Intensive and repeated application of pesticides can lead
to the development of pesticide resistance in some insects,
as documented for mosquitoes and flies (Hemingway et al.,
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FIG. 9. Locations of residue substitutions found in insecticide-
resistant insect strains mapped onto Drosophila AChE structure.
Eleven side chain positions (compiled by Menozzi er al., 2004)
are given as black surface contours. A molecule of ACh docked in
the active center is shown as a gray surface. Visualized by
WebLabViewer software (Accelrys, San Diego).

s

2004; Menozzi et al., 2004). One of the mechanisms
involved in this process is the alteration of the insect AChE
structure in such a way so as to preserve its ability to
hydrolyze ACh but minimize its ability to react with OPs
(Fig. 9). This is possible since planar geometry around the
carbonyl carbon of ACh and tetrahedral geometry around
phosphorus are sufficiently different, as are the overall sizes
of pesticide and ACh molecules.

IV. CONCLUSIONS

This chapter summarizes the latest structural information
on the cholinesterase family of enzymes and discusses their
catalytic properties. Alignment of 125 full-length or nearly
full-length ChE sequences demonstrates a high degree of
similarity conserved in the family from fungal and viral
enzymes to man. Sixty-one reported three-dimensional
structures are analyzed herein, illustrating the high degree
of similarity in protein fold conformation irrespective of the
presence of bound ligands, and this argues for the absence
of large conformational changes in the protein interaction
with both inhibitors and substrates. At the same time, a
plentitude of small-amplitude backbone and selected side
chain movements illustrate that rapid fluctuations in confor-
mational states of ChEs prevail in solution and ligands have
the capacity to select those conferring higher affinity and
lower energy of the respective complex.
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